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Abstract 
Additive manufacturing (three-dimensional [3D] printing) is a rapidly developing industry that 
uses solid and liquid polymers during the production process. By 2027, the 3D printing industry 
is estimated to be a US$16 billion industry; however, the toxicity of 3D-printed polymers and 
chemical components leaching into aquatic systems remains largely unknown. The main 
objective of this research project was to evaluate the toxicity of 3D-printed polymer leachates 
as an emerging micropollutant. To achieve this objective, 3D-printing polymer extract acquired 
from Form 1 clear photoreactive resin, used in FormLabs SLA 3D printers, was studied. To 
determine its biological toxicity, a panel of standard ecotoxicological experiments was 
employed, using Danio rerio embryos, Daphnia magna, Brachionus calyciflorus, Paramecium 
caudatum, and Aliivibrio fischeri. The results confirmed the toxicity of the leachate, the main 
component of which was identified as the known cytotoxic photoinitiator compound 1-
hydroxycyclohexyl phenyl ketone (1-HCHPK) using gas chromatography–mass spectrometry 
(GC-MS). Additionally, the leaching rate and stability of the compound were determined using 
GC-MS.  
In further studies conducted using Danio rerio embryos, lower hatching rates and 
developmental abnormalities were observed. The development of oxidative stress caused by 
increased reactive oxygen species (ROS) levels was studied by exposing the abovementioned 
embryos to leachates and 1-HCHPK with a battery of bioassays. Superoxide dismutase (SOD), 
lipid peroxidation (MDA), protein carbonyl, and Glutathione S-transferase (GST) were used 
as oxidative stress markers, and the results obtained from all the bioindicators revealed elevated 
levels of target compounds in the presence of the leachate. Oxidative stress development 
caused by ROS formation is known to induce apoptosis. This study hypothesised that the 
developmental and behavioural abnormalities and oxidative stress observed were caused by the 
apoptosis of early embryo developing cells. The apoptosis of the embryos exposed to the 
leachate was studied using a caspase-3 whole-mount immunohistochemistry assay as well as 
through quantifying externalised phosphatidylserine residues with Annexin-V transgenic 
zebrafish embryos. The results revealed an increase in apoptotic cells in the exposed embryos. 
Furthermore, the Annexin-V transgenic fish embryos exposed to leachate with ROS inhibitor 
exhibited a reduced number of apoptotic cells, indicating apoptosis caused by ROS formation. 
The caspase-3 whole-mount immunohistochemistry assay conducted with pan-kinase inhibitor 
z-VAD-fmk confirmed that the cellular demise primarily occurred through caspase-mediated 
xxiii 
 
apoptosis. These results confirmed the relationship between oxidative stress and cell apoptosis 
caused by the leachate.  
Neurotoxicity and neurobehavioural toxicity of the polymer leachate were studied with embryo 
(ESA assay) and larval (LPR assay) behavioural analysis, acetylcholinesterase (AChE) assay, 
AlamarBlue assay, and neurone and skeletal muscle development using transgenic embryos. 
Diminished behavioural capacity was observed in embryos and larvae in the presence of the 
leachate. Furthermore, zebrafish embryos exposed to the leachate showed decreases in 
neurotransmitter AChE. The AlamarBlue and AChE assays revealed a reduced metabolic rate, 
which in combination with the apoptosis explained the impact of the leachate on the organisms’ 
behaviour. 
After observing the toxicity of the Form 1 clear photoreactive resin polymer leachate, three 
water treatment techniques (exposure to simulated sunlight, UV irradiation, and activated 
charcoal filtering) were conducted on the polymer leachate to remove its toxicity. Among them, 
activated charcoal filtration was found to be the most effective approach. Polymer leachate 
filtered by activated charcoal exhibited diminished or reduced toxicity in all five standard 
ecotoxicological experiments conducted on Danio rerio embryos, Daphnia magna, Brachionus 
calyciflorus, Paramecium caudatum, and Aliivibrio fischeri. Furthermore, GC-MS chemical 
analysis revealed the absence of 1-HCHPK in the treated polymer leachate.  
Furthermore, a high-throughput, semiautomated video capturing, and behavioural analysis 
protocol was developed using zebrafish early embryo spontaneous behaviour (ESA), which 
was used to identify the behavioural alterations of environmental pollutants using chorionated 
and dechorionated embryos. The results proved this newly developed protocol to be faster, 
more sensitive, and with a higher-throughput than conventional lethal toxicity tests. Therefore, 
it was used for analysing the behavioural alterations of zebrafish embryos in the presence of 
polymer leachate obtained from 3D-printed objects developed using Form 1 clear photoreactive 
resin.  
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Chapter 1. Introduction 
 
1.1. Introduction to global plastic production and consumption  
In the 21st century, plastics are commonly used and easily accessible commodities. Synthetic 
and semisynthetic polymers and plastics have a long history dating back to the 1800s, but 
developed as an industry only after 1920s. First, fully synthetic thermoset polymer ‘Bakelite’ 
was produced by the chemist Leo Henricus Arthur Baekeland in 1906 and published in 1909. 
He developed bakelite by heating phenolic compounds in combination with formaldehydes 
under pressure, which resulted in an insoluble hardened product. Although Adolf von Baeyer 
discovered the production of phenolic resins in 1872 without Baekeland’s method of heating 
under high pressure, they could not be used in industrial products. In 1909, bakelite was 
identified to be an exceptional electrical insulator, and hence, it became the cornerstone of the 
electrical industry (Baekeland, 1909; Elvers, 2016; NMAH, 1993). Fully synthetic 
thermoplastic formaldehyde polymers were discovered as early as 1834 by Justus Von Liebig, 
but research conducted by Hermann Staudinger in the 1920s and Du Pont in 1956 led this fully 
synthetic thermoplastic to be developed as an industrial product. One of the most common 
plastic products currently in use is polyvinyl chloride (PVC), which was first synthesised in 
1838 by H.V. Regnauld and polymerised by Klatte and Ostromuislensky in 1912; however, it 
was not commercially produced until 1931 in Germany by I. G. Farben. The industrial 
production of plastics began to develop rapidly after the 1940s, and has since become a 
multimillion dollar industry (Elvers, 2016). As of 2017, the net worth of the global plastic 
industry was calculated to be US$522.66 billion (Grandviewresearch, 2019). 
Plastics are mainly manufactured from fossil fuels (i.e., oil, gas, and coal) and produced by 
combining monomer units, resulting in large polymers, through a process known as 
polymerisation (Gourmelon, 2015). Combined with the main polymer constructs, numerous 
additives are used in the production of various types of plastic, such as antioxidants, stabilisers, 
pigments, plasticisers, light stabilisers, photoinitiators, and photo-polymers, to alter or improve 
the initial properties (Brydson, 1999; Elvers, 2016; Hammer, Kraak, & Parsons, 2012; Mitchell 
& Wlodkowic, 2018). On average, these additives consist of 23% of the plastic’s weight, but 
they can range from 0% (food packaging materials) to 90% (magnetisable sealing materials 
that consist of barium ferrite‐filled ethylene-vinyl acetate copolymers) of the plastic weight 
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depending on the plastic product (Elvers, 2016). Plastics are categorised into two main groups 
depending on their hardening process, namely thermoplastics and thermosets. Thermoplastics 
are made of high molecular weight polymers that solidify on cooling; reheating softens them 
and desired moulds can be built upon cooling. Thermostats are built by creating chemical 
crosslinks upon heating/providing external energy and cooled to harden the structures; these 
plastics cannot be softened by reheating, which would break the molecular crosslinks and lead 
the polymer structure to decompose (Biron, 2018; Elias, 2000; Elvers, 2016). Plastics are also 
divided into four groups depending on the application: commodity, engineering, high-
performance, and functional plastics. Commodity plastics are also known as bulk or standard 
plastics, and are produced in large quantities for general purposes and use (e.g., polystyrene, 
polyethylenes, polyvinyl chloride [PVC], and isotactic polypropylene). Engineering plastics, 
also known as technical plastics, are modified common plastics with improved mechanical 
properties that provide structural stability under high and low temperatures, hardness, and 
elasticity (e.g., polycarbonates, polyethylene terephthalate, polyamides, and 
polyoxymethylenes). High-performance plastics are engineering plastics with enhanced 
mechanical properties, chemical resistance, and temperature stability (e.g., polyimides, liquid 
crystalline polymers [LCPs], and polysulfones). Functional plastics, or speciality plastics, are 
specialised plastics, with each plastic product created precisely to serve a specific purpose, 
such as nonconductive piezoelectric materials, optoelectronic materials, or specifically created 
functional plastic polyethylene co-vinyl alcohol acting as an oxygen barrier resin (Elias, 2000; 
Elvers, 2016). Table 1-1 lists some of the most commonly used plastic derivatives along with 
their simplest chemical functional units (Brydson, 1999; NCBI, 2019). 
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Table 1-1. Some of the most commonly used polymers and their simplest fundamental units. 
 
The wide variety of uses for which plastics are employed has caused widespread consumption. 
Various derivatives of plastic products are used in numerous industries, such as packaging, 
construction, consumer goods, automotive, medical devices, and electronics (Bogue, 2013; 
Vardhan, Charan, Reddy, & Kumar, 2013). In 2012, the global production of plastics reached 
287 million tonnes, with an 8.7% annual increase for the 50 years previously as per the data 
announced by the American Chemistry Council (Gourmelon, 2015). According to a report 
published by Laura Parker in National Geographic Magazine in August 2016, this amount had 
increased to 448 million tonnes by 2015 (Parker, 2016). Therefore, the growth of plastic 
Structure Molicular formula Molecular weight (g/mol)
01 Polyethylene 14 Thermoplastic
02 Polypropylene 42 Thermoplastic
03 Polytetrafluoroethylene 100 Thermoset
04 Polystyrene 104 Thermoplastic
05 polyvinyl chloride 62.5 Thermoplastic
06 Polyvinyl acetate 86.09 Thermoplastic
07 Polyvinyl alcohol 44.05 Thermoplastic
08 Polyethylene Terephthalate 192.2 Thermoplastic
09 Polylactide 72 Thermoplastic
Simplest Fundermental Unit
PolymerNo
Catogery
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production between 2012 and 2015 amounts to an astounding 61.15% increase. This occurred 
because of rapid population and industrial growth coupled with low production costs, low 
energy requirements for production, low product weights, and novel biocompatible end 
products (North & Halden, 2013).  
1.2. Environmental impact of plastic waste in the aquasphere 
Long chain polymers are known to be nonbiodegradable compounds that could remain in the 
environment for a long time. The main concern around the high production of plastics is that 
only a small amount is recycled; most end up in landfills and aquatic systems, creating 
unfavourable environmental impacts (Gourmelon, 2015; Raynaud, 2014). Even though less 
than 20% of global plastic waste is being recycled, recently used plastic waste recycling has 
been receiving increased attention (Allwood, Cullen, & Milford, 2010; Velis & Association, 
2017). Developed countries are making increasing efforts in plastic recycling, but countries 
with low environmental standards and legislation have shown less initiative concerning this 
global issue (Gourmelon, 2015; Haas, Krausmann, Wiedenhofer, & Heinz, 2015; Velis & 
Association, 2017). Plastic waste is contaminating a wide range of natural habitats—marine, 
freshwater, and terrestrial—at a rapid pace. Two papers by Teuten et al. and Thompson et al. 
published in Royal Society publications have discussed the fate of plastics in the environment 
in detail. Organic compounds and monomers are used in the production of plastics, and when 
they are discarded as waste in landfills and aquatic environments, compounds such as biphenyl-
A (BPA), polychlorinated biphenyls (PCBs), phthalates, organotins, and dimethyl phthalate 
(DMP) leach out, leading to the development of hazardous conditions in surrounding 
ecosystems (Boyer, 1951; Teuten et al., 2009; Thompson, Moore, Vom Saal, & Swan, 2009). 
A review article published in 2002 in the Marine Pollution Bulletin discussed the effects of 
plastics in marine ecosystems as well as their effects on the marine biota; it highlighted the fact 
that most marine debris is comprised of waste plastics that have ended up in the ocean (Derraik, 
2002). In 2001, on the beaches of Southern Wales in the United Kingdom, 63% of the debris 
was identified as plastics (A. Williams & Tudor, 2001); furthermore, on the sea floors of 
European coasts in 2000, more than 70% of the debris was found to be plastics (Galgani et al., 
2000). These plastics arrive in the ocean through numerous paths, such as through direct 
dumping from shipping lines’ mishandling of plastic waste (through accidents or careless 
handling of plastics), as well as through river systems and municipal drainage systems. These 
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systems not only contaminate marine environments but also soil and freshwater ecosystems 
(Derraik, 2002). 
Large amounts of plastic are produced globally and discarded as plastic waste. To study the 
adverse effects and distribution of plastic debris, it is categorised into three major groups 
depending on its size: macrodebris, mesodebris, and microdebris. Macrodebris refers to large 
plastic debris larger than 20 mm. Mesodebris refers to plastic debris measuring from 2 to 20 
mm and mostly consists of small cylindrical plastic pellets known as nurdles used in the 
industrial production of plastics; these pellets are melted and remoulded in the manufacturing 
process. Microdebris refers to smaller plastic particles less than 2 mm in size and are the result 
of the degradation of macro- and mesodebris through physical and chemical mechanisms 
(Hammer et al., 2012). This large amount of plastic produced worldwide is accumulating in 
the aquatic environment as plastic debris, which has dire consequences for aquatic organisms 
and their survival. These can result in numerous mechanisms such as mechanical and 
biochemical impacts, the degradation of plastics into microplastics, and the sorption of 
toxicants onto plastics as a method of transporters (Andrady, 2011; Hammer et al., 2012; 
Teuten, Rowland, Galloway, & Thompson, 2007; Teuten et al., 2009; Wright, Thompson, & 
Galloway, 2013). 
1.2.1. Mechanical impact of plastics on marine wildlife 
The positive qualities of plastics that initially made them popular and useful, such as durability 
due to non-degradable quality and low density, are the same culprits making plastic debris 
harmful for the aquatic organisms. One of the main effects of plastic debris on aquatic 
environments is a mechanical impact on aquatic organisms caused by entanglement and 
ingestion (Hammer et al., 2012). 
In 1997, Laist elaborated on the 267 species of marine organisms affected by the entanglement 
or ingestion of plastic debris. Among them, 136 species were effected by entanglement, which 
included 34 species of fish, 32 species of marine mammal, and 51 species of seabirds; among 
the mammals, 11 species of whales were identified (baleen and toothed whales) (Laist, 1997). 
The main causes of death because of entanglement were identified as starvation, suffocation, 
strangulation, and drowning (Allsopp, Walters, Santillo, & Johnston, 2006). Out of 267 species 
affected, 177 were found to be affected by plastic ingestion. Among them were 33 species of 
fish, 26 species of marine mammals, and 111 species of seabirds. Out of 26 species of marine 
mammals affected by marine debris, two species were baleen whales and 21 species were 
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toothed whales (Laist, 1997). Marine organisms ingest plastic debris by mistaking it for food 
particles or through incidental intake. The debris might pass through the gut of the organism 
without harming it, but in most cases it can become trapped in the upper or lower digestive 
track, provide a false sense of food intake that could result in starvation or directly damage the 
digestive track (Hammer et al., 2012; Laist, 1997). 
A review (Gall S.C. et al., 2015) identified 340 publications on marine debris and its impact 
on marine life totalling 693 species. Among these 340 publications, 76% had presented plastics 
to be among the marine debris encountered and 92% of the individual species affected were 
exposed to some form of plastic debris. A total of 292 species out of 340 were affected by 
entanglement or ingestion. The number of species affected by entanglement was 243, which 
was found among 30,896 individual organisms. Among the affected individual organisms, 71% 
of entanglements occurred because of netting and plastic ropes, and this same class of plastic 
debris contributed to 51% of the species affected by entanglements. The review also found that 
the number of organisms affected by marine debris ingestion was 13,110, contributed to by 208 
marine species. The most common plastic debris found to be ingested was plastic fragments 
(37%), which were spread among 31% of the species affected by plastic ingestion (Gall & 
Thompson, 2015). 
Among marine organisms affected by entanglement, 79% of the encounters resulted in direct 
harm or death, whereas only 4% of the organisms ingesting the plastic debris resulted in death 
or direct harm. The researchers cross-checked the species affected by plastic debris with the 
IUCN Red List on species conservation and identified 17% to be listed as either near-threatened 
(14 species), vulnerable (32), endangered (16), or critically endangered (5). This comparison 
illustrates the danger of entanglement and ingestion of plastic debris to marine organisms, 
especially endangered species (Gall & Thompson, 2015). 
1.2.2. Sorption of toxicants to plastics 
Sorption of toxicant compounds in the aquatic environment to plastic waste enables them to be 
transported from polluted areas to nonpolluted remote areas; released into a new environment, 
these absorbed or adsorbed pollutants can enter biological entities through ingestion. Plastic 
contaminants in aquatic environments, such as macroplastics, pellets, fragments, and 
microplastics, can contain pollutants from the surrounding environments or be present in plastic 
debris due to incorporation through the production process (Holmes, Turner, & Thompson, 
2012; Mato et al., 2001; Teuten et al., 2009). 
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Polyethylene pellets collected and analysed from the beaches and sediments of South West 
England revealed various amounts of trace metals absorbed into them. They was observed to 
contain various trace amounts of aluminium (Al), iron (Fe), manganese (Mn), copper (Cu), 
zinc (Zn), lead (Pb), chromium (Cr), cobalt (Co), nickel (Ni), and cadmium (Cd). Absorption 
of these metal irons contributed to the reactions of bivalent metal cations and metal oxyanions 
with polar surface areas of the plastics or neutral metalo-organic complexes with hydrophobic 
areas of the plastic debris. Furthermore, the sorbent activities of metals on virgin plastic pellets 
were tested against aged and bleached plastic pellets, revealing that the changes occurred 
during the bleaching and aging of plastics, significantly increasing the sorbent capacity of the 
metal ions (Holmes et al., 2012). 
Research conducted by Mato et al. (2001) showed that polypropylene (PP) plastic pellets 
collected from sampling sites contained high levels of polychlorinated biphenyls (PCBs), DDE, 
and nonylphenols (NP). Furthermore, a field test conducted using virgin PP pellets (not 
containing PCBS or DDE at the beginning of the experiment) deployed at several experimental 
sites for a 6-day period showed increasing concentrations of PCBs and DDE, thereby 
demonstrating the absorbance of these pollutants into PP pellets from the surrounding aquatic 
environment (Mato et al., 2001).  
Rochman et al. demonstrated the sorbet capability of PCBs and polycyclic aromatic 
hydrocarbons (PAHs) on PVC, PP, PVC, polyethylene terephthalate (PET), high-density 
polyethylene (HDPE), and low-density polyethylene (LDPE), five commonly produced plastic 
materials, for a 12-month period. Results demonstrated that PP, HDPE, and LDPE absorbed 
much larger amounts of PCBs and PAHs during the experimental period; by contrast, PVC and 
PET absorbed smaller amounts of contaminants because they reached equilibrium much faster 
than the other three plastics did (Rochman, Hoh, Hentschel, & Kaye, 2013). 
Teuten et al. (2007) studied the hydrophobic organic contaminant phenanthrene’s sorption to 
plastics and desorption to the environment and biological entities. In their experiment, three 
plastics were tested (polyethylene, polypropylene, and PVC) for their sorption of phenanthrene 
and desorption from the plastic sediments and in biological entities using the benthic deposit 
feeder Arenicola marina. Results indicated the sorption and desorption were higher in 
polyethylene than in polypropylene and lowest in PVC. The desorption rate of the contaminant 
was observed to be several magnitudes higher. Once the contaminated plastics were introduced 
to the sediment, the phenanthrene accumulation in the A. marina was observed to be higher, 
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indicating desorption of the contaminant in the biological organisms (Teuten et al., 2007). 
Furthermore, the sorption of hydrophobic organic contaminants (HOCs) to plastics in the 
aquatic environment were discussed by Teuten et al. (2009), and these polymer contaminants’ 
diffusion from plastics to noncontaminated environments or to biological organisms was 
studied. Desorption of these HOCs were studied using a mathematical model called the one-
compartment polymer diffusion model, which was built on the assumption that HOCs diffused 
through a single polymer phase using Fick’s second law of diffusion. This was tested using 
three HOCs (toluene, o-xylene, and tetrachloroethylene) on HDPE and PVC. Results revealed 
that HDPS diffused contaminants faster than PVC; nevertheless, both plastics diffused the 
contaminants that were sorbed to the plastic surfaces (Teuten et al., 2009). These experimental 
results were testament to the fact plastics act as a sorbent to transport environmental 
contaminants to noncontaminated areas and has an undesirable effects on biological organisms.  
1.2.3. Effects of microplastics as environmental pollutants  
Microplastics in the aquatic ecosystem are a novel environmental issue emerging with the use 
of new technology combined with plastics. The term ‘microplastics’ was first used in 2004 to 
explain the small plastic particles generated by the mechanical breakdown, disintegration, UV 
radiation, and biological degradation of larger plastics and plastic-related products. 
Microplastics are abundant in sediments as well as in water columns, exposing biota to these 
toxic components not only through surface or external exposure but also through food chains 
(Cole, Lindeque, Halsband, & Galloway, 2011; Thompson et al., 2004). Research published in 
2015 by Rachid Dris and his team of researchers showed that these undesirable microplastics 
and the polymers derived from them are present in all sorts of aquatic habitats as well as aquatic 
biota. This brings to attention the importance of identifying and characterising said pollutants 
and the difficulties of doing so with currently available knowledge and technology (Dris et al., 
2015). Ingestion of these pollutants by different aquatic organisms has been studied and 
documented by several research groups within the last few decades. 
A prompt illustration of the work done on freshwater contamination of the microplastics was 
presented in a review paper by Eerkes-Medrano et al., which demonstrated how widespread 
and influential this issue is. They listed 12 freshwater bodies that have been studied by various 
research groups on sediments, surfaces, and mid and near bottom water microplastic 
contaminations. Eerkes-Medrano et al. mainly focused on microplastics’ effect on various fresh 
water organisms, such as drum, juvenile (Stellifer brasiliensis and Stellifer stellifer), sub-adult, 
9 
 
and adult (Dantas, Barletta, & Da Costa, 2012) / Cladoceran freshwater water flea (Daphnia 
magna) / Amphipod crustacean (Gammarus pulex) / Ostracod (Notodromas monacha) / 
clitellate worm (Lumbriculus variegatus) / gastropod freshwater snail (Potamopyrgus 
antipodarum) (Dris et al., 2015) / Common goby (Pomatoschistus microps) (M. Oliveira, 
Ribeiro, Hylland, & Guilhermino, 2013; Rosenkranz, Chaudhry, Stone, & Fernandes, 2009) / 
catfish (Cathorops spixii, Cathorops agassizii, Sciades herzbergii), gerreidae fish (Eugerres 
brasilianus, Eucinostomus melanopterus, Diapterus rhombeus) juvenile, sub-adult, and adult 
(Possatto, Barletta, Costa, do Sul, & Dantas, 2011; Ramos, Barletta, & Costa, 2012) / Japanese 
medaka, Oryzias latipes (Rochman, Hoh, Kurobe, & Teh, 2013) / Gudgeons (Gobio gobio) 
(Sanchez, Bender, & Porcher, 2014) due to the ingestion of microplastics and their impact on 
the organisms (Eerkes-Medrano, Thompson, & Aldridge, 2015).  
In addition, Eerkes-Medrano et al. discussed many marine microplastic contamination research 
studies conducted within the last few decades, illustrating the impact of microplastics on 
aquatic ecosystems (Eerkes-Medrano et al., 2015). In this review paper, the number of 
organisms affected by marine microplastics was discussed; among them were marine mussels’ 
(Mytilus edulis) ingestion of plastics, leading to decreased cell membrane stability and the 
demonstrated inflammatory response in the tissues. They observed that smaller microplastics 
(3–9.6 μm) were capable of entering the circulatory system of M. edulis and remain in 
circulation for 48 hours (Browne, Dissanayake, Galloway, Lowe, & Thompson, 2008; Von 
Moos, Burkhardt-Holm, & Köhler, 2012). Furthermore, medaka fish (Oryzias latipes) that 
ingested microplastics were found to be presenting with early tumours, liver stress responses, 
and bioaccumulation of said plastics (Rochman, Hoh, Kurobe, et al., 2013); marine scallops 
(Placopecten magellanicus) were retaining ingested plastic particles, which could result in a 
reduction in the nutritional value of their food intake, leading to false fullness that could result 
in starvation (Brillant & MacDonald, 2000). Furthermore, marine lugworms (Arenicola 
marina) tested by Wright et al. (2013) also showed disrupted feeding patterns leading to 
decreased energy reserves, which could lead to starvation and inflammatory responses in the 
tissues dyed for the presence of microplastics (Wright, Rowe, Thompson, & Galloway, 2013). 
Research conducted by Nobre et al. (2015) on sea urchin (Lytechinus variegatus) embryos and 
larval stages observed developmental deformities of the organisms exposed to virgin and 
bleached plastic particles against control organisms. The results showed that organisms 
exposed to the microplastics exhibited increased toxicity, resulting in developmental 
deformities compared with control organisms (Nobre et al., 2015). Furthermore, reviews 
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published by Andrady A. L (2011) and Wright et al. (2013) illustrated the global distribution 
of microplastic contaminants in aquatic ecosystems and their toxic effects from a broader 
environmental perspective (Andrady, 2011; Wright, Thompson, et al., 2013). 
Microplastic are characterised as micropollutants, which are a newly emerging environmental 
contaminant that occur in almost all aquatic ecosystems; they are known to appear in 
wastewater, sewage, ground water, surface water, and drinking water. Since micropollutants 
are a newly emerging area of study, scientific knowledge concerning their identification and 
remediation is limited (Luo et al., 2014). The effects of these novel pollutants (i.e., 
microplastics and the polymers extracted from them) can range from internal and external 
wounds, decreased feeding capabilities leading to starvation, and impaired predator avoidance 
abilities, to cellular-level disruptions such as inflammatory responses and tumour formation, 
leading to the demise of an organism (Gall & Thompson, 2015; Gregory, 2009; Rochman, Hoh, 
Kurobe, et al., 2013; Von Moos et al., 2012). Additionally, understanding the ecological and 
biological effects of these newly emerging pollutants is critical for developing remediation 
methods and environmental risk assessments. Obtaining the information required, developing 
new test methods, and understanding the threat of these pollutants require researchers from 
different fields, such as environmental toxicology, ecology, chemistry, and engineering, to 
work together with legislative authorities (Dris et al., 2015; Wagner et al., 2014).  
The primary removal of these contaminants occurs in wastewater treatment plants, but the 
existing problem is that most current wastewater treatment plants are not specifically designed 
for this purpose; therefore, they lack the ability or technology required. Micropollutants enter 
the ecosystem through a vast variety of natural and manmade substances, such as steroid 
hormones, pharmaceuticals, personal care products, and industrial chemicals. Conventional 
and advanced techniques are used to remediate these pollutants from the environment. Some 
of the effective methods include membrane-filtering activated oxidation, reverse osmosis, 
nanofiltration, ozonification, and activated carbon filtering. Even after these methods are 
implemented, the removal of micropollutants from water varies drastically, resulting in 
environmental accumulation. Advanced removal processes have shown promising results in 
removing micropollutants from the aquatic system, but the problem of high operating costs 
remains. For these reasons, conducting more research to develop new methods that are cost-
effective and more sensitive in this avenue remains a challenge for scientists (Birkholz, 
Headley, Ongley, & Goudey, 2000; Luo et al., 2014). 
11 
 
1.3. Toxicity of plastic additives 
In the production of many plastic products, numerous additives are used. Additives play a 
major role in determining the chemical and physical characteristics of a final plastic product. 
When using these additives, the chemicals must be stable throughout the production process, 
cost-effective, efficient in the specific function they are used for, not bleed or bloom, and not 
negatively affect the chemical and physical attributes of the polymer (Brydson, 1999; 
Thompson, Swan, Moore, & Vom Saal, 2009). Even though these additives are cost-effective 
compared with the product formation in most instances, they are the most expensive 
components in polymer production, but essential for achieving the desired final products 
(Brydson, 1999).   
These additives include plasticisers and softeners that increase the flexibility and softness of 
polymer products through decreasing the cold flex temperature while lowering the melt 
viscosity; thermal stabilisers that stabilise the polymers during the high temperature production 
process; and lubricants and flow promoters that reduce the friction between polymers and 
equipment used during the production process, increase the flow of soft polymers without 
changing the hardness of the final product, and finally reducing friction while moulding the 
polymers (Biron, 2018; Brydson, 1999). Carbon or silica are some of the fillers used as 
additives in plastic production and are capable of strengthening the polymer structures by 
improving physical properties. Furthermore, flame retardants are used to decrease plastic 
products’ ability to ignite or combust. Ultraviolet degradable additives are used to alter the 
ability of polymers to degrade from exposure to UV light. Antioxidant additives inhibit the 
degradation of polymers through the oxidation of polymer compounds, whereas pro-oxidant 
additives increase the polymer oxidation ability, which in return increases the likelihood of 
degradation. In manufacturing final products, matting agents, lustre additives, opacifiers, and 
colourants are used as additives to enhance the appearance of marketable end products (See 
table 1.2)(Brydson, 1999; Deanin, 1975; Thompson, Swan, et al., 2009).  
Table 1-2 Plastic additive, categories/types with relevant examples and percentage concentration observed in the 
plastic products (Brydson, 1999; Hahladakis, Velis, Weber, Iacovidou, & Purnell, 2018; Seymour, 2012). 
Plastic aditives 
category 
Plastic aditives 
type 
Concentration in 
plastic products 
Examples  
Functional 
additives 
Flame retardants 3-5 % 
chlorinated paraffins 
(SCCP/MCCP/LCCP), 
Polybrominated diphenyl ethers 
(PBDEs); 
Decabromodiphenylethane; 
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tetrabromobisphenol A (TBBPA); 
Phosphorous flame retardant  
Curing agents  0.1-2 % 
4,4′- Diaminodiphenylmethane 
(MDA), 2,2′-dichloro-4,4′- 
methylenedianiline (MOCA), 
Formaldehyde  
Plasticisers 10-70 % 
chlorinated paraffins 
(SCCP/MCCP/LCCP), 
Diisoheptylphthalate (DIHP), 
DHNUP, phthalates  
Blowing agents 
Varies on the density of 
the form and the 
potential gas production 
of the agent  
Azocarbonamide, terephthalazide, 
sordium carbonate, 
azoisobutyronitrile, 
trihydrazinotriazine, 
benzenesulphohydrazide 
Stabilisers 0.05-3 % 
Bisphenol A (BPA); Cadmium and 
Lead compounds; Nonylphenol 
compounds 
Biocides 0.001-1 
Arsenic compounds; Organic tin 
compounds; triclosan 
Colorants 
organic 
pigments 0.001-2.5 % Cobalt (II) diacetate. 
Inorganic 
pigments 0.01-10 % 
Cadmium compounds; Chromium 
compounds; Lead compounds. 
Soluble 0.025-5 % Azocolorants 
Special effects 
Varies with the 
requirement 
Al and Cu powder, lead carbonate 
or bismuthoxichloride and 
substances with fluorescence. 
Fillers 
  0-50 % 
Calcium carbonate, talk, clay, zinc 
oxide, glimmer, metal powder, 
wood powder, asbest, barium 
sulphate, glass microspheres, 
silicious earth. 
Reinforcements   15-30 % 
Glass fibers, carbon fibers, aramide 
fibers 
 
The additives used in plastic production can leach or migrate out of the product and into the 
environment. A combination of several factors is influential in additives migrating prom plastic 
products to the environment (Teuten et al., 2009). Polymers consist of porous structures, and a 
correlation between the size of the additive molecules and size of the pores in the plastic 
structure are one of the main characteristics in additive migration. Not only physical factors 
play a major role in additive migration, such as the size of the additive molecules; chemical 
factors also do, such as solubility in water or organic solvents, the bond strength of the additive 
and the polymer product, the polarity of the additive, as well as the physical and chemical 
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features of the immediate environment. A good example of this occurrence is hydrophilic small 
molecule dimethyl phthalate (DMP), which is used as a plasticising additive in PVC 
production, leaching into surrounding aqueous phase in landfills; moreover, high molecular 
weight hydrophobic diethylhexyl phthalate (DEHP) is more resistant to leaching out from PVC 
products into the surrounding environment (Teuten et al., 2009). 
Plastic additives such as phthalates and BPA are known to have immunotoxic effects in various 
organisms (Chalubinski & Kowalski, 2006). Research conducted on giant freshwater prawn 
(Macrobrachium rosenbergii) was exposed to PAEs, diethyl phthalate (DEP), dihexyl 
phthalate (DHP), dipropyl phthalate (DPrP) and diphenyl phthalate (DPP) to observe the 
immunotoxicity of phthalate esters. In the exposed organisms total hemocyte count, THC; ratio 
of granulocytes to hyalinocytes, G/H; intrahemocytic total phenoloxidase activity, POT; 
intracellular superoxide anion (O2−) production; transglutaminase (TGase) activity was 
observed to be altered and mortality was detected in the exposed groups indicating 
immunotoxicity of the toxicants (W.-L. Chen & Sung, 2005). Research conducted by Xu et al, 
(2013) have observed innate immune related genes ( interferon γ (IFNγ), interleukin-
1β (IL1β), Myxovirus resistance (Mx), tumor necrosis factor α (TNFα), CC-chemokine, CXCL-
clc, lysozyme (Lyz) and complement factor C3B (C3) ) up-regulation on short-term exposure to 
DBP, DEP and DBP/DEP mixture (Xu, Shao, Zhang, Zou, Wu, et al., 2013). Furthermore, 
when 4hpf zebrafish embryos were exposed to BPA, NP, and BPA/NP mixture for 168 hours 
researchers observed up-regulation of genes related (TLR3, TRIF, MyD88, SARM, IRAK4, 
and TRAF6) to Toll‐like receptors (TLRs) signalling pathway providing evidence of significant 
effect on immune response in zebrafish embryos exposed to ECDs (Xu, Yang, Qiu, Pan, & 
Wu, 2013). Research conducted by Xu et al, (2015) demonstrated immunotoxicity of DBP 
using multiple parameters. In the exposed embryos ability of macrophage phagocytosis were 
severely diminished, up-regulation of T/B cell-related genes rag1/2  transcription was observed 
and inhibition of macrophage and neutrophils formation was decreased in concentration 
dependent manner, providing evidence of immunotoxicity (Xu et al., 2015). Research 
conducted on studying the toxicity of tris(1,3-dichloro-2-propyl) phosphate (TDCPP) and 
triphenyl phosphate (TPP), researchers observed up-regulation of IL6 and IL8 that are involved 
in immune response of zebrafish demonstrating immunotoxicity of PFOS (C. Liu et al., 2013). 
Some additives migrating out of products have been identified as toxic to biological organisms 
as well as to the environment. A review paper published by Meeker et al. (2009) illustrated the 
harmful effects of the phthalates bisphenol A (BPA) and polybrominated diphenyl (PBDE) 
14 
 
ethers, which are used as additives in polymer production in current research literature. These 
compounds were found to be capable of altering biological mechanisms and endocrine 
functions, leading to the development of adverse effects on human health (Meeker, 
Sathyanarayana, & Swan, 2009). BPA is a widely used additive compound in plastic 
production, which has been found to have adverse effects on the environment, wildlife, and 
human health (Crain et al., 2007; Le, Carlson, Chua, & Belcher, 2008; Wetherill et al., 2007). 
This chemical was found to be capable of manipulating multiple biological mechanisms, 
resulting in disrupting oestrogenic and endocrine activities (Wetherill et al., 2007). Among the 
additive compounds migrating from plastics, tetrabromobisphenol A (TBBPA) and PBDE are 
both known to unsettle the thyroid homeostasis, and PBDE is capable of instigating 
antiandrogen action. Although phthalates are known for their antiandrogen activity, among 
them, BPA toxicity is commonly identified due to its representation of oestrogen-like activity 
(Talsness, Andrade, Kuriyama, Taylor, & Vom Saal, 2009). The toxicity of some of these 
additives in the aquatic biota are well stabilised and described in the following subsections. 
1.3.1. Toxicity of plastic additives to aquatic biota 
The toxicity of additives used in plastic production on aquatic biota and its distribution is a 
novel research field under discovery for the last few decades, the work conducted in this array 
has revealed some crucial but disconcerting facts about their disruptive nature on aquatic 
organisms and the environment. Plastic additives’ toxicity on aquatic biota has been studied by 
researchers during recent decades, developing a broader understanding of various characteristic 
aspects of toxicity pathways, such as the induction of oxidative stress (M. Wu, Xu, Shen, Qiu, 
& Yang, 2011; Xu, Shao, Zhang, Zou, Wu, et al., 2013), endocrine-disrupting effects 
(Drastichova et al., 2005; I. J. Kang et al., 2002; Oehlmann et al., 2009), and developmental 
(Kwak et al., 2001; Yokota et al., 2000; J. Zhou, Cai, & Xing, 2011) and neurological toxicity 
(Barse, Chakrabarti, Ghosh, Pal, & Jadhao, 2007; Usenko et al., 2016) effects. These effects 
could disrupt individual survival as well as population dynamics, ultimately affecting the 
biological distribution and natural balance of the aquatic environment. 
1.3.1.1. Induction of oxidative stress 
Physiochemical reactions occur due to various additives used in plastic production, which 
could lead to oxidative stress in aquatic organisms; this in turn could lead to adverse effects on 
biological entities, including cytotoxic affects. During rudimentary cellular metabolism, 
oxygen and nitrogen nonradical reactive species and free radicals are produced to maintain 
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essential cellular functions, which are known as reactive oxygen species (ROS). Some ROS 
produced during aerobic metabolism are hydrogen peroxide (H2O2), nitrogen oxide (NO•), 
superoxide anion radical (O2• −), and peroxyl radicals (ROO•) among many others, and they 
are regulated in organisms to obtain redox homeostasis to sustain a well synchronised 
metabolism and healthy cellular environment (Droge, 2002; Halliwell & Gutteridge, 1999; 
Halliwell & Gutteridge, 2015). To prevent oxidative damage possibly being caused by the 
excess production of ROS, biological organisms have developed antioxidant cellular 
mechanisms consisting of enzymatic and nonenzymatic pathways (Ames, Shigenaga, & 
Hagen, 1993). Oxidative stress of an organism occurs when the production of ROS and ROS-
neutralising antioxidant cellular mechanisms fail to synchronise, leading to an imbalanced 
cellular environment (Davies, 1995). Some of the common parameters used in identifying 
oxidative stress in an organism are catalase (CAT) malondialdehyde (MDA), glutathione 
peroxidase (GPx), and superoxide dismutase (SOD) (Droge, 2002; Xu, Shao, Zhang, Zou, Wu, 
et al., 2013).   
Oxidative stress-inducing effects of di-n-butyl phthalate (DBP) and diethyl phthalate (DEP) 
have been tested using zebrafish embryos. During the research, DBP and DEP were 
individually tested at concentrations of 5, 50, and 500 µg/L, and combinations of DBP and 
DEP were tested at 1:1 retours of 5 and 500 µg/L on the 4-hpf zebrafish embryos for 96 hours. 
Exposed embryos were checked for ROS activity using a dichlorofluorescein-diacetate 
(DCFH-DA) method; lipid peroxidation was checked using malondialdehyde (MDA); and 
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activities were 
observed to determine oxidative stress caused by DBP and DEP. All parameters checked on 
the exposed embryos for oxidative stress showed significant increases in a dose-dependent 
manner for both individual exposure to DBP and DEP as well as combined exposure to the 
toxicants (Xu, Shao, Zhang, Zou, Wu, et al., 2013).  
Zhou et al (2011) used post-fertilised abalone Haliotis diversicolor supertexta and exposed 
them to four concentrations (0.05, 0.2, 2, and 10 μg/mL) of five phthalate esters, ibutyl 
phthalate (DBP), diethyl phthalate (DEP), dimethyl phthalate (DMP), dioctyl phthalate (DOP), 
and di-(2-ethylhexyl) phthalate (DEHP). To observe damage caused by oxidative stress 
induced by phthalate esters in the abalone, the MDA and peroxidase (POS) contents of the 
exposed embryos were observed. Total POS activity in the embryos exposed to concentrations 
of 2 and 10 μg/mL in all five phthalate esters were found to be significantly higher than the 
control, whereas significantly high MDA activity was observed only in DBP, DMP, and DOP 
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in the embryos exposed to over 2 μg/mL concentrations. This confirmed the induction of 
oxidative stress in abalone by exposing them to the tested polymer additives (J. Zhou et al., 
2011). 
Olive flounder (Paralichthys olivaceus), a marine fish, were exposed to 100, 300, and 900 
mg/kg of DEP for 72 hours and kidney and liver serums of 24-hour post-exposed fish were 
examined for several oxidative stress parameters. In hepatic and renal tissues, lipid peroxide 
(LPO) at 100 mg/kg and above was found to be significantly increased. In hepatic tissues, 
glutathione (GSH) content, glutathione reductase (GR) activity, and glutathione peroxidase 
(GPx) activity increased only at 900 mg/kg concentrations, whereas CAT activity decreased at 
the same concentration. This demonstrated the effect of short-term exposure to DEP in 
inducing oxidative stress in olive flounder (J.-C. Kang et al., 2010). 
The effects of short-term BPA exposure on zebrafish embryos were examined by Wu et al. 
(2011). During the experiment, 4-pfh embryos were exposed to 0.1, 1, 10, 100, and 1,000 µg/L 
concentrations of BPA for 7 days. Among the parameters observed for oxidative stress, 
hydroxyl radical induction and LOP activity showed dose-dependent increases in the exposed 
embryos, whereas the BPA-exposed embryos showed dose-dependent reductions in 
glutathione (GSH), oxidised glutathione (GSSG), GR, catalase (CAT), superoxide dismutase 
(SOD), and glutathione peroxidase (Gpx) activity, confirming the induction of oxidative stress 
due to BPA toxicity (M. Wu et al., 2011). 
1.3.1.2. Endocrine-disrupting effects 
Some additives used in plastic production are known to leach out from plastic products and 
enter the aquatic environment. Researchers have found some of them to induce endocrine-
disrupting effects in humans and wildlife, including aquatic organisms. Leached BPA, a 
plasticiser used in plastic production, has been found in many water columns in different 
concentrations depending up on the time and place of sampling; for instance, between 0 and 12 
ng/L was found in the USA (Kolpin et al., 2002); between 0.5 and 702 ng/L was found in 
Germany (Fromme et al., 2002; Kuch & Ballschmiter, 2001); and up to 19 µg/L was found in 
Japan (Crain et al., 2007). The endocrine-disrupting effects of BPA on various aquatic 
organisms were studied; an experiment was conducted that exposed 20-day-old post-fertilised 
zebrafish to BPA and 17ß-estradiol, which showed induced feminisation during the treatment 
compared with control organisms. The control population of zebrafish developed as males and 
females in a 1:1 ratio during a histological examination of gonads, whereas the organisms 
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exposed to 17ß-estradiol were found to be 100% female; moreover, zebrafish exposed to BPA 
concentrations of 500, 1000, and 2000 mg/kg were identified to have increased female 
populations of 1.4:1, 3.8:1, and 5:1 (female to male ratio), respectively (Drastichova et al., 
2005). Adult Japanese medaka (Oryzias latipes) exposed to BPA showed testis-ova in a 
histological examination of their F1 generation. Fish exposed to BPA concentrations of 837, 
1,720, and 3,120 μg/L showed testis-ova in 13, 86, and 50% of the test population (I. J. Kang 
et al., 2002). Research conducted using water fleas (Daphnia magna) exposed to BPA 
demonstrated chronic toxicity to the organisms. BPA-exposed daphnids demonstrated toxicity 
by enhancing the crustacean juvenoid hormone methyl farnesoate, and furthermore, the toxicity 
was clearly revealed by the affected reproductive capacity of the organisms (Mu, Rider, 
Hwang, Hoy, & LeBlanc, 2005). Another daphnia species, Ceriodaphnia dubia, exposed to 
concentrations over 1 mg/L of BPA showed reductions in reproductive ability by 25% 
(Tatarazako et al., 2002). 
Furthermore, alterations of vitellogenin (VTG) concentrations of aquatic organisms have been 
recorded as a result of exposure to BPA. Japanese medaka O. latipes showed increased VTG 
concentrations after exposure to 1 mg/L for 28 days (Larsen et al., 2006) and Atlantic cod 
(Gadus morhua) showed significantly increased concentrations of VTG after 21 days exposure 
to 59 μg/L of BPA (Tabata et al., 2004). By contrast, Mytilus edilus (commonly known as the 
blue mussel) exhibited increased concentrations of vitellogenin-like phosphor-proteins in 
females after exposure to 50 μg/L of BPA for 3 weeks and induced spawning in both sexes 
(Aarab et al., 2006).    
Phthalates are known to have endocrine-disruptive effects on aquatic organisms. A summary 
on the presence of n-DBP and di(2-ethylhexyl)phthalate (DEHP) in water columns in the 
Netherlands (Peijnenburg & Struijs, 2006) illustrated the accumulation of these compounds 
throughout the year. In this work, the highest concentrations of BDP and DEHP were found in 
fresh water columns during summer; 1.88 μg/L of BDP was found in Brakel, whereas 2.33 
μg/L of DEHP was found in Lake Bergum (Peijnenburg & Struijs, 2006). Phthalates’ ability to 
bioaccumulate in fish has been observed in scientific studies. A comparative review 
demonstrated environmental fate of eighteen commercial phthalates including the ability to 
bioaccumulate in various fish species (Staples, Peterson, Parkerton, & Adams, 1997). The 
induction of VTG and development of oestrogenic effects on aquatic organisms by phthalates 
have been demonstrated by various research publications. Common carp (Cyprinus carpio) 
exposed to diethyl phthalate (DEP) for 4 weeks showed dose-dependent VTG induction in test 
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organisms subjected to 01, 1, and 5 ppm of DEP (Barse et al., 2007). An experiment conducted 
on zebrafish using butylbenzyl phthalate (BBP) showed discrepancies in the sperm quality of 
the exposed organisms. The sperm quality of the zebrafish exposed to BBP for more than 20 
days showed enhanced curvilinear velocity with increasing concentrations (Oehlmann et al., 
2009). When early stages of Atlantic salmon (Salmo salar) after yolk sac resorption were fed 
with concentrations of 1500 mg/kg of DEHP, significant increases in ovo-testis induction were 
observed. This research indicated that exposing early stages of Atlantic salmon to high 
concentrations of DEHP could lead to alterations in gonad differentiation (Norman, Börjeson, 
David, Tienpont, & Norrgren, 2007). 
1.3.1.3. Developmental toxicity 
Developmental abnormalities in young and adult aquatic organisms have been observed caused 
by the toxicity of plastic additives. Plastic additive contamination and accumulation in the 
environment leads to increases in unhealthy aquatic organisms and population declines in a 
given population. This will eventually destroy aquatic species, biodiversity, and the 
environment. One of the major factors responsible for this scenario is developmental 
abnormalities as a result of plastic toxicity (Avio, Gorbi, & Regoli, 2017; J. Zhou et al., 2011).  
Post-fertilised abalone embryos were exposed to five phthalates esters (DBP, DEP, DMP, 
DOP, and DEHP) in concentrations of 0.05, 0.2, 2, and 10 μg/mL for 120 hours. The embryos 
were observed to determine the changes between the control embryos and toxicant effects on 
the exposed embryos according to three parameters: the development at 8 hpf, the hatching rate 
on the embryos at 8 to 9hpf, and the metamorphosis rate on the 120 hpf embryos. 
Developmental abnormalities that manifested on the exposed embryos included pigmentation 
changes, developmental delay, yolk leakage, yolk sac oedema, and irregular shaped morula 
cells. Even though all five phthalate esters showed increased developmental rates, only 0.2 
μg/mL of DBP; 2 μg/mL of DEP, DBP, and DOP; and 10 μg/mL of DEP, DBP, DMP, and 
DOP showed statistically significant increases compared with control embryos. The hatching 
rates of the embryos exposed to all five phthalates were found to decrease in a dose-dependent 
manner. Furthermore, embryos exposed to 2 μg/mL of DEP, DBP, and DOP and 10 μg/mL of 
DEP, DBP, DEHP, DMP, and DOP showed statistically significant decreases in hatching rate. 
Similarly, the percentage metamorphosis rate of the exposed embryos showed decreased 
activity in a dose-dependent manner. Among them, 0.2 μg/mL of DBP and DEP, and all five 
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phthalate-exposed embryos in concentrations of 2 and 10 μg/mL showed statistically 
significant decreases in metamorphosis rate (J. Zhou et al., 2011). 
Sun and Liu (2017) exposed 4 hpf zebrafish embryos to concentrations of 0, 0.1, 0.6, and 1.2 
mg/L of known plasticiser benzyl phthalate (BBP) for 72 hours for toxicity testing. To study 
the developmental toxicity, the embryos were observed for variations in hatching rate, length, 
growth rate, cardiac malformation rate, heart rate, distance between the sinus venosus and 
bulbus arteriosus, and gene expression of Nkx2.5 and T-box cardiac transcription factors. 
Transcription factors Nkx2.5 and T-box are essential for the heart’s development throughout 
embryonic development, and their alteration leads to defective cardiac differentiations, leading 
to severe cardiac defects. In the 72-hour exposed embryos, both Nkx2.5 and T-box cardiac 
transcription factors were found to be significantly low for all the test concentrations of BBP, 
decreasing in a dose-dependent manner. Decreased heart rates were observed in all treatments 
with statistically significant decreases at concentrations of 0.6 and 1.2 mg/L. Cardiac 
malformation and the distance between the sinus venosus and bulbus arteriosus in the embryos 
showed increases as the toxicant dose increased, with statistically significant results in 0.6 and 
1.2mg/L concentrations. Furthermore, decreased readings in hatching rate and body length 
were observed in the exposed embryos in a dose-dependent manner. Furthermore, 
morphological abnormalities such as spinal curvature, yolk sac oedema, tail deformity, and 
uninflated swim bladder were observed during the development of the exposed embryos, 
leading to increased malformation rates of the developing embryos with increasing toxicant 
concentrations (G. Sun & Liu, 2017). Alterations of all the aforementioned observed and 
discussed parameters confirm the developmental toxicity of BBP in zebrafish embryos.  
In addition, zebrafish embryos exposed to 20 μM DBP for 12 hours demonstrated a severe, 
incomplete epiboly stage, leading to a bustled and deformed developmental phenotype in 36 
hpf embryos, and 20% of the surviving embryos showed hyper convergence-extension and 
hyper production of dossal tissues in the epiboly stage; this established the developmental 
toxicity of DBP on zebrafish embryos (Fairbairn, Bonthius, & Cherr, 2012). Additionally, 
research conducted by Ortiz-zarragoitia et al. (2006) tested DBP toxicity in zebrafish (2hpf) 
embryos by exposing them to 25 and 100 μg/L of DBP for 10 days. The research team 
demonstrated spinal cord deformities and hypertrophy of the yolk cavity in the toxicant-
exposed embryos, thereby confirming the developmental toxicity of DBP in aquatic organisms 
(Ortiz‐Zarragoitia, Trant, & Cajaraville, 2006). 
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The developmental toxicity of BPA has been established by different research scientists using 
numerous aquatic organisms. Yokota et al. (2000) studied Japanese meduka (Oryzias latipes) 
exposed to concentrations of 2.28, 13.0, 71.2, 355, and 1,820 μg/L of BPA for 60 days. The 
toxicant-exposed embryos demonstrated negative correlations between their body length and 
total body weight in correspondence with the toxicant concentration, providing statistically 
significant decreases in both features at the highest observed concentration of 1,820 μg/L 
(Yokota et al., 2000). Toxicological studies conducted on BPA toxicity in juvenile 30-day-old 
swordtail fish (Xiphophorus helleri) by Kwak et al., (2001) exposed them to 0.2, 2, and 20 ppb 
for 60 days. After 60 days, exposure sword development was observed and decreased sword 
development was established. Reduced lengths of sword development were negatively 
correlated with increasing BPA concentrations, confirming the developmental toxicity of BPA 
exposure (Kwak et al., 2001).    
1.3.1.4. Neurotoxicity and behaviour alterations  
Additive components leaching out from plastic products could lead to alterations of the 
biochemical balance and physiological deformities in aquatic organisms, leading to neurotoxic 
effects and behavioural alterations (Barse et al., 2007; Usenko et al., 2016). Previous studies 
have observed alterations in neurotransmitter acetylcholinesterase (AChE) activity correlated 
with neurotoxicity and behaviour changes (Banks & Russell, 1967; Bignami, Rosić, Michałek, 
Milošević, & Gatti, 1975; Usenko et al., 2016).  
Dechorinated zebrafish embryos exposed to concentrations of 1.25, 2.5, 5.0, 10, and 20 ppm 
brominated flame retardant (BFR), such as TBBPA, TBBPA-OHEE, and PBCH, at 6 hpf until 
168 hpf were observed for embryo malformation, spontaneous activity, and AChE activity 
(Usenko et al., 2016). The 168 hpf exposed embryos showed pericardial oedema and fin 
malformations as developmental deformities in a dose-dependent manner for TBBPA and 
TBBPA-OHEE. Embryos (120 hpf) exposed to 1.25 ppm TBBPA and TBBPA-OHEE also 
showed increases in AChE activity, and the spontaneous activity observed in 18 to 30 hpf 
toxicant-exposed embryos showed reductions in behaviour with increasing concentrations 
(Usenko et al., 2016). Furthermore, Zhu et al. (2018) exposed 2 hpf zebrafish embryos until 
144 hpf; they developed into free swimming zebrafish larvae at a range of TBBPA 
concentrations (50, 100, 200, and 400 μg/L). Malformations of the test subjects showed 
significant increases in 200 and 400 μg/L test concentrations after exposure and increases in 
AChE activity were observed in the larvae exposed to the toxicant. In this study, the 
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neurotoxicity of TBBPA exposure was further confirmed by the downregulation of α1-tubulin, 
mbp, and shha genes, which are related to central nervous system (CNS) development. 
TBBPA-exposed embryos at 144 hpf were exposed to light-dark-light transition stimulation, 
demonstrating diminished locomotor activity compared with the control embryos. These 
results confirmed the relationship between the neurotoxicity, developmental deformities, and 
behavioural alterations that occurred due to TBBPA toxicity (B. Zhu, Zhao, Yang, & Zhou, 
2018).  
When common carp (Cyprinus carpio) were exposed to 20 ppm of DEP, they showed decreased 
activity after 23 days of exposure and discoloration after 20 days; this experiment demonstrated 
the behavioural and developmental toxicity of DEP (Barse et al., 2007). Additionally, 
freshwater Hamilton fish (Cirrhina mrigala) exposed to 23 ppm of DEP for 72 hours (Ghorpade 
et al., 2002) showed decreases in brain AChE activity, which confirmed the ability of DEP 
exposure to alter the AChE activity of freshwater fish (Ghorpade et al., 2002). These 
experiments demonstrate the neurotoxicological and behavioural toxicity of plastic additives 
on aquatic organisms. 
1.4. Three-dimensional (3D) printed plastics as emerging environmental hazards 
Another class of chemicals that can be categorised as potential plastic pollutants are chemicals 
used in 3D printing manufacturing processes. Three-dimensional printing is a rapidly 
developing industry that enables the development of parts or complete prototypes directly from 
computerised two-dimensional (2D) or 3D designs in a short period of time with a high level 
of accuracy and low cost (Kitson et al., 2016; Lantada & Morgado, 2012). This has enabled 
microfabrication and the use of modified and customised devices for many fields, including 
research purposes. Rapid prototyping is used in many fields including biomedical engineering 
(Lantada & Morgado, 2012), reaction wear production (Kitson et al., 2016), microfluidic model 
design (Kitson et al., 2016; H. Wang, Masood, Iovenitti, & Harvey, 2001), and medical 
research (Lantada & Morgado, 2012; Schubert, Van Langeveld, & Donoso, 2014). In 
biomedical engineering, 3D printed devices are utilised as implantable devices in hard and soft 
tissues for tissue engineering, diagnostic prototypes, and surgical training (Lantada & 
Morgado, 2012).  
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Figure 1.1. Graphical representation of rapid prototyping using the SLA R_3500 laser stereolithography system 
from 3D Systems, Inc. starting from a computer-assisted design (CAD) to a complete product, (reprinted with 
permission from Annual review of biomedical engineering) (Lantada & Morgado, 2012). 
This new process has been used to manufacture products such as eyeglasses, dental implants, 
and prosthetic devices. This is possible because of its ability to comprehend complex 
multidimensional and multicoloured designs with great accuracy. The most significant feature 
of this technology is its low manufacturing cost. Producing large products at a large scale is 
inexpensive using traditional production methods, but the higher the complexity and smaller 
the size of the production, the more the costs increase. This aspect, coupled with the need for 
accurate and customised designs, gives 3D printing a significant advantage over traditional 
manufacturing methods (Schubert et al., 2014). 
   
Figure 1.2. Simple eyeglass frames for complex multicoloured and multidimensional designs can be produced 
using 3D printing technology, (reprinted with permission from BMJP group) (Schubert et al., 2014). 
In addition, 3D printing has been heavily incorporated into microfluidics and lab-on-a-chip 
techniques because of the miniaturised nature of the devices required, the ability to manipulate 
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and modify the designs, the capability to use chemically stable materials, and being a fast but 
highly cost-effective method. Biocompatible and biodegradable polymers are available on the 
market as new 3D fabrication materials that permit specific fabrication procedures depending 
upon the application (Kitson, Rosnes, Sans, Dragone, & Cronin, 2012; H. Wang et al., 2001). 
It is essential that these polymers are nontoxic to the test organisms. Because of the growth of 
the industry, its wide range of applications, as well as the rapid progression of 3D-printing’s 
use, understanding the environmental impact of these products is essential.  
The 3D printing industry is still in its infancy, yet has managed to gain global attention for its 
capabilities. Furthermore, 3D-fabricated devices are becoming common household items due 
to their low cost and high availability (Rayna & Striukova, 2016). Even though high-precision 
3D printing equipment is expensive, simple small-scale versions are readily available on the 
market for a fraction of the price. FormLabs’ Form 1 and Form 2 printers are two examples of 
inexpensive laser 3D printing equipment that use liquid resins and a laser beam for fabrication; 
these resins were one of the products tested by Zeu et al., who found them to be toxic after 
fabrication and curing. Even though they are not currently an environmental hazard, rapid 
adoption of the technology—and thus an increased use of the toxic materials—makes them a 
potential future pollutant (Palomba et al., 2015; Feng Zhu, Wlodkowic, Cooper, & Macdonald, 
2013). Wide commercial and household use of 3D printed products could eventually lead to 
the mass disposal of these printed polymers as waste. If containers used for storing the resins 
are disposed of without following proper waste disposal procedures, water bodies can be 
contaminated and leachates can accumulate in groundwater systems. If the resins used are toxic 
and the finished products are capable of leaching toxins, an environmental problem may result. 
Because 3D printing is an industrially important technology, before 3D printing polymers 
become an environmental hazard, they must be studied for their toxicity in nature, and 
furthermore, more biocompatible manufacturing ingredients must be developed along with 
methods to remediate the toxicity caused by currently used materials. Accordingly, a major 
project within the present study was to establish the toxicity of 3D printing polymers and 
investigate the potential of simple remediation techniques. 
1.4.1. Methods of plastic 3D printing 
In current common 3D printing, various techniques are used for the manufacturing process; the 
3D printing process is performed using a multiple layer manufacturing process with relevant 
polymer products. As explained in earlier subsections, premade CAD designs are used in 
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printers to develop 3D objects using 2D sequential cross-sections produced using the original 
CAD designs (Kitson et al., 2012). The designs generated by CAD software must be converted 
into the Standard Triangle Language (STL) file format, which can be read by 3D printers and 
provides specific instructions for developing a product using a layer-by-layer fabrication 
method. Different materials can be used in the printing process, such as electrical conductive 
printing metals combined with solid or liquid plastics (Hamzah, Shafiee, Abdalla, & Patel, 
2018; Stansbury & Idacavage, 2016). The quality of a 3D-printed product is determined by 
several factors, such as the polymers used in its production, build resolution, size of the product, 
printing speed, and thickness of each layer. Some of the commonly used manufacturing 
processes such as fused deposition modelling (FDM), stereolithography (SLA), multi-jet 
modelling (MJM), digital light processing (DLP), and selective laser sintering (SLS) are 
discussed in the following subsections.  
1.4.1.1. Fused deposition modelling (FDM) 
FDM was first developed and patented by Scott Crump in 1992 as a rapid prototyping technique 
that uses the deposition of a heat melted material in a multiple layer, which will be solidified 
with cooling to create a 3D object of a given design (Crump, 1992). In FDM technology, 
thermoplastic materials such as poly(acrylonitrile/butadiene/styrene; ABS), polycarbonate 
(PC), or polylactic acid (PLA) heated and melted to semi-solid stage are extruded onto a 
platform moving on a Z axis through an extruder nozzle situated directly below the heating 
element. By moving the extruder nozzle along the X and Y axes, multiple layers of semi-solid 
thermoplastic are deposited to build the desired 3D object. Deposited thermoplastic material 
becomes a solid plastic product when the melted material cools, as demonstrated in Figure 1.3 
(Gross, Erkal, Lockwood, Chen, & Spence, 2014; Stansbury & Idacavage, 2016).  
With modern improvements, the FDM technique is capable of using a wide range of materials 
for printing, thereby increasing the physical and chemical properties of 3D printed products, 
such as flexibility, surface smoothness, and tensile strength (Rocha et al., 2014). The use of 
multiple building materials has led to a wide array of uses for current FDA-based equipment, 
ranging from personalised diagnostic platforms (Skowyra, Pietrzak, & Alhnan, 2015), clinical 
applications (Meakin, Shepherd, & Hukins, 2004), and medical replica production for 
reconstructive surgery (e.g., anatomical replicas; (El-Katatny, Masood, & Morsi, 2010) to the 
textile industry (Melnikova, Ehrmann, & Finsterbusch, 2014). Among other properties, low 
production costs, a wide range of material usage, and straightforward production have made 
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the FDA technique the most commonly used 3D printing technology among low-cost consumer 
products in additive manufacturing (Stansbury & Idacavage, 2016). 
 
Figure 1.3. Schematic of FDM printing’s basic principle: solid polymer materials are converted to semisolids with 
a heated nozzle and deposited layer by layer to develop a product on the platform.  
 
1.4.1.2. Stereolithography (SLA) 
Additive manufacturing using SLA was initially developed by Charles Hull in the 1980’s when 
he was working at Ultra Violet Products in California (C. Hull, 2012). An apparatus using the 
SLA technique to develop 3D objects with a liquid medium was initially developed and 
patented in the USA in 1986; it was capable of creating 3D objects by depositing thinly layered 
cross-sections of a design on a selected surface (C. W. Hull, 1986). In the SLA technique, a 
highly concentrated high-energy beam is pointed at the surface of a manufacturing bed that is 
submerged in polymer resin, and the product is built layer by layer by moving the laser beam 
along X and Y axes. Simultaneously, the laser beam polymerises the liquid resin manufacturing 
bed moves along the Z axis, allowing the multiple layers of polymerised resin to form the 
desired object (Fourkas, 2016). The layer thickness is determined by the power of the high-
energy laser beam as well as the exposure time, wave length, and photoinitiators in the liquid 
resin (Gross et al., 2014; Hofmann, 2014). 
The SLA technique is one of the most widely used 3D printing techniques because of its low 
production cost and highly precise production capability (Cooke, Fisher, Dean, Rimnac, & 
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Mikos, 2003; Gross et al., 2014). With current improvements in the industry, machinery using 
the SLA technique is capable of rapid polymerisation with fast curing and low radiation 
exposure time. This has been achieved using polymers with low viscosity and fast curing 
monomers and photoinitiators that could be post-cured with UV radiation (Hofmann, 2014). 
The high precision, high resolution, and low cost of SLA printers have led researchers in 
multiple fields to use this technique, including 3D printed customised devices on zebrafish 
embryo testing for toxicological purposes with biocompatible resins (Feng Zhu, Joanna 
Skommer, Niall P Macdonald, et al., 2015), as well as implantable devices, tissue engineering, 
and tailor-made biomedical equipment such as hearing aids in biomedical research and 
treatments (Melchels, Feijen, & Grijpma, 2010). 
 
Figure 1.4. Schematic of an SLA printer illustrating the direct write-curing fabrication process. The laser moves 
along the platform submerged in liquid resin curing and solidifying the polymer to develop the 3D product. 
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Figure 1.5. Schematic of an SLA printer illustrating a projection-based 3D printing technique; the platform is 
submerged in polymer resin at a specific distance and laser projection through a digital mirror curing a whole 
layer at once, and while the stage is moved multiple layers are cured to develop the object of interest. 
 
1.4.1.3. Digital micro-mirror device-based projection printing (DMD–PP) 
Digital micro-mirror device-based projection printing (DMD–PP) is based on a similar 
principle to SLA printing, which uses liquid resin and a high-powered laser beam to create 3D 
polymer products (Gross et al., 2014). The main difference with the DMD–PP technique is that 
instead of a focused laser pointer scanning the print surface in the SLA method, this technique 
incorporates a digital mirror that reflects the laser light onto the entirety of the built plain, 
developing a mask that cures each layer at a time by digitally removing the unwanted printing 
area (Billiet, Vandenhaute, Schelfhout, Van Vlierberghe, & Dubruel, 2012; Gross et al., 2014). 
In high-throughput fabrications, the DMD–PP technique uses multiple mirrors that work in 
coordination to develop a mask capable of curing entire layers at once. Using a digitally 
controlled mirror system increases the efficiency of the DMD–PP printing technique as well as 
decreases the printing time (Bártolo, 2011; Bertsch & Renaud, 2016). Takahashi et al. 
examined evanescent waves using the DMD technique and were able to obtain thin 
polymerised layers (Takahashi, Tahara, Miyakawa, & Takamasu, 2014). Zheng et al. used a 
step-and-repeat method that polymerised each layer with multiple exposure points, allowing 
them to develop thicker polymerised layers, thereby leading to larger printed objects (Zheng et 
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al., 2012). The same step-and-repeat method made it possible to print multiple microstructures 
with identical characteristics simultaneously (J.-W. Choi, Ha, & Lee, 2007). Hence, this can 
be considered an advanced next-generation form of SLA printing.  
 
Figure 1.6. Schematic of a DMD–PP 3D printing system; it cures the polymer layer by layer on a stage using a 
digital mirror system to develop an entire layer at a time, thereby producing the polymer product.  
 
1.4.1.4. Multi-jet modelling (MJM) 
MJM technology is similar to the commercially available inkjet printing. In this method, a wax, 
thermopolymer, or photoresin polymer material is deposited using a print head, and UV light 
or heat is incorporated for curing to develop a solidified plastic material instead of using 
printing ink in conventional inkjet printers (CustomPartNet., 2008; Pérez & Calvet, 2002). 
Using the MJM technique, a computer-generated digital image could be printed into a 3D 
object layer by layer through polymer printing on a movable building stage (CustomPartNet., 
2008).  
A critical advantage of the MJM technique is that it is able to use multiple materials 
simultaneously with more than one print head in the printing process. Harnessing this 
advantage, scientists have managed to develop 3D objects incorporated with conductive 
materials such as silver and copper nanoparticles (Park, Kim, Jeong, Moon, & Kim, 2007; 
Perelaer, De Gans, & Schubert, 2006). The MJM method has been used to develop 3D objects 
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consistent with conductive properties after their production is finalised with thermal treatment 
through integrating internal structural designs with copper nanoparticles (Park et al., 2007). 
Multi-jet capability, high accuracy, high quality, and rapid prototyping ability of the MJM 
technique has led to numerous potential applications, including electrical parts manufacturing 
(Delannoy et al., 2015), biological research (Sochol et al., 2016; Feng Zhu, Macdonald, 
Skommer, & Wlodkowic, 2015), and medical appliances such as removable dental prostheses 
(Haraszati, 2012) and custom-made dental restorations (M.-Y. Lee, Chang, & Ku, 2008).  
 
Figure 1.7. Ink-jet 3D printer that uses photopolymers (MJM fabrication technique) to develop 3D objects by 
depositing photopolymers layer by layer and curing them immediately, (reprinted with permission from Royal 
Socialty of chemistry) (Waheed et al., 2016). 
 
1.4.1.5. Selective laser sintering (SLS) 
SLS is a powder-based 3D printing technique developed by Carl Deckard and Joseph Beaman 
in the 1980’s (Beaman & Deckard, 1990). In the SLS technique, a layer of powdered printing 
material is deposited by a roller heated just below the material’s melting point using a finely 
focused high power laser beam to create a desired 3D shape. This process is conducted in 
several steps by applying a thin layer of powdered material and hardening it on top of another 
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multiple times until the preferred structural design emerges. Excess powder material not used 
in the polymerisation is removed after the printing concludes (Gross et al., 2014). A wide range 
of materials has been used in this technique including polymer resin, acrylonitrile butadiene 
styrene (ABS), nylon, polycarbonate (PC), polyvinyl chloride (PVC) (Yan & Gu, 1996), metal, 
and ceramic powders (Ko et al., 2007; Tolochko et al., 2000), whereas most 3D printing 
techniques use a limited and narrow variety of printing materials (Gross et al., 2014). One 
disadvantage of the SLS technique is the occasional deformation of a product caused by the 
heated material shrinking during subsequent cooling. Scientists are currently working to 
overcome this problem to improve the SLS printing technique (Raghunath & Pandey, 2007; 
R.-J. Wang, Wang, Zhao, & Liu, 2007). 
 
Figure 1.8. Schematic of the SLS 3D printing technique. Powdered polymer materials are deposited layer by layer 
on a moving stage, and each layer of the polymer is solidified immediately after the powder is laid with a targeted 
laser beam, thereby creating the desired 3D model; this diagram was modified from rapid prototyping services, 
Canada (rapidprototypingservicescanada, 2019). 
 
1.4.2. Unexplored environmental impacts of 3D-printed polymers 
Additive manufacturing, more commonly known as the 3D printing industry, is a newly 
developed area within the last few decades and has become a multimillion-dollar industry that 
has grown in many areas. This business has developed from plastics, metals, and biological 
materials to the food industry (Bandyopadhyay, Bose, & Das, 2015; Lipson & Kurman, 2013; 
J. Sun, Zhou, Huang, Fuh, & Hong, 2015). Three-dimensional printing of plastics has grown 
into such a large-scale industry that by 2027 it is estimated to be worth US$16 billion based on 
the revenues of printers and polymer-based print material sales. These printers have become 
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such a common commodity that they are common household items and can be purchased off 
the shelf. This is because of features such as the ability to rapidly develop complicated articles 
at a low cost and the ability to use different materials from a CAD (Ligon, Liska, Stampfl, 
Gurr, & Mülhaupt, 2017; Sparrow, 2018).  
As discussed earlier, plastic production, the toxicity of components used in the process, and 
waste plastic management have become environmental concern. With a rapidly growing 
industry related to 3D plastic production, a few issues must be addressed at this stage, namely 
the biocompatibility of the ingredients used in the production and how this effects the 
environment, the safety standards of the end product for use, and the disposal of production 
waste and end products after consumption. To understand the toxic compounds used in 3D 
printing processes and the toxicity observed (Mitchell & Wlodkowic, 2018), it is vital to look 
at the products created and their environmental fate to assess the future environmental impact 
this industry could have. 
1.4.2.1. Toxicity of 3D-printed plastics 
In the last few decades, the large amounts of polymers and polymer additives used in additive 
manufacturing to produce plastic products have captured the attention of researchers because 
of their toxicity and potential environmental impact (Mitchell & Wlodkowic, 2018). 
Photoinitiators and photo-sensitive polymers are the two main components required for the 
process of polymerisation, which is used to build ridged products with high-energy beams 
(Fourkas, 2016). Photoinitiators absorb energy from high-energy light beams and develop free 
radicals, which initiates polymerisation through crosslinking the polymer units in developing 
solid 3D products. Some of the photoinitiators used in the process have been identified and 
their toxicity has been established (see Table 1-3) (Cooper et al., 2016; Fourkas, 2016; Mitchell 
& Wlodkowic, 2018). A clear and descriptive summary of this production process and the 
toxicity of the compounds used in the printing process is provided in the review paper ‘3D-
Printed Chips: Compatibility of Additive Manufacturing Photopolymeric Substrata with 
Biological Applications’, which was published in the Micromachines journal in 2018 (Mitchell 
& Wlodkowic, 2018). 
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Table 1-3. Environmental toxicity data summary of some known photoinitiators used in the additive 
manufacturing process, which indicates the toxicity of the SLA technique on biota (Mitchell & Wlodkowic, 2018). 
 
Polymer components used in 3D printing, such as diphenyl(2,4,6-trimethylbenzoyl)phosphine 
oxide, methyl acrylate, and methyl methacrylate, are known to be toxic to aquatic organisms 
(Mitchell & Wlodkowic, 2018). The environmental toxicity profile of methyl methacrylate has 
demonstrated toxicity towards Bluegill fish (Lepomis macrochirus) with a 96 h LC50 value of 
283 mg/L, 48 h EC50 value for water flea (Daphnia magna) at 69 mg/L, and 72 h EC50 value 
for algae (Pseudokirchneriella subcapitata) with a toxicity > 110 mg/L (Sigma-Aldrich, 2015). 
Methyl acrylate demonstrated toxicity on rainbow trout (Oncorhynchus mykiss) with a 96 h 
LC50 value of 5.2 mg/L, invertebrate toxicity EC50 value of 8.74 mg/L on 48 h exposed Daphnia 
magna, and green algae (Pseudokirchneriella subcapitata) exhibited an EC50 of 5.2 mg/L after 
Compound Available Toxicological Information 
Phosphine oxide 
compounds1 (Type II) 
FormLabs, e.g., 
Dental and E-
Shell series 
Fertility impairing effect, acutely and chronically toxic for aquatic 
organisms, toxic effect on mouse NIH 3T3 cells. Not readily 
biodegradable by OECD criteria. 
LD50 Oral rat > 5000 mg/kg (OECD)  
LC50 (48 h) Oryzias latipes—6.53 mg/L (JIS K 0102-71)  
EC50 (48 h) Daphnia magna—3.53 mg/L (OECD 202)  
EC50 (72 h) Pseudokirchneriella subcapitata—1.56 mg/L (OECD 201) 
Hydroxy- 
acetophenone (Type 
II) 
 
Readily biodegradable (OECD 301B). 
LD50 Oral Rat—2.240 mg/kg  
LC50 (96 h) Salmo gairdneri—25 mg/L 
EC50 (48 h) Daphnia magna—50 mg/L  
Benzophenone 
compounds2 (Type II) 
UV-cured inks 
Causes liver hypertrophy and kidney adenoma in rats. 
EC50 (24 h) Daphnia magna—0.28 mg/L  
LC50 (96 h) Pimephales promelas—14.2 mg/L  
BP-3 and BP-4: 
LC50 (48 h) Daphnia magna—1.09 and 47.47 mg/L 
LC50 (96 h) Brachydanio rerio—3.89 and 633.00 mg/L 
Camphorquinone Dental resins EC50 mouse fibroblasts—235 μM  
1-hydroxy cyclo hexyl 
phenyl ketone 
FormLabs 
Irgacure 184 
LC50 (96 h) Danio rerio—24 mg/L  
EC50 (48 h) Daphnia magna—59.3 mg/L (OECD 202) 
EC50 (72 h) Desmodesmus subspicatus—14.4 mg/L (OECD 201)  
Triarylsulfonium salt 
(Cationic)3 
3D systems 
EC50 (24 h) Daphnia magna—4.4 mg/L  
EC50 (48 h) Daphnia magna—0.68 mg/L  
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72 h of exposure (Sigma-Aldrich, 2017). The toxicological profile of diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide on aquatic toxicity has demonstrated fish toxicity in 
zebrafish as an LC50 of 1–10 mg/L at 96 h of exposure; a 48 h EC50 reading of 3.53 mg/L in 
Daphnia magna; and after Pseudokirchneriella subcapitata was exposed to the compound for 
72 h, it exhibited an EC50 value of 2.01 mg/L, demonstrating algal toxicity (Sigma-Aldrich, 
2016). 
The ingredients used in the Formlabs photoreactive Dental LT clear resin used for the Form2-
SLA printer’s toxicological profiles for aquatic vertebrates and invertebrates include the 
following: for Glycol methacrylate, the 96 h LC50 value for the fish Oryzias latipes was found 
to be > 100 mg/L, and the 48 hour EC50 value for the aquatic invertebrate Daphnia magna was 
380 mg/L. For the component pentamethyl-piperidyl sebacate, the LC50 values for toxicity in 
the fish Lepomis macrochirus, Oncorhynchus mykiss, and Brachydanio rerio were 0.97, 7.9, 
and 0.9 mg/L, respectively, and its toxicity in Daphnia magna had an EC50 value of 20 mg/L. 
Furthermore, phosphine oxide used in the same resin production and found to be acutely toxic 
to aquatic organisms with tested toxicity values as follows: a 48 h LC50 value for Oryzias latipes 
of 6.53 mg/L and for Daphnia magna of 3.53 mg/L. Biodegradability data provided in MSDS 
outlines that pentamethyl-piperidyl sebacate and phosphine oxide have components with poor 
biodegradability with corresponding 28 day DOC values of 38% and 20% (Formlabs, 2017). 
Another resin used for applications in 3D printed orthodontic products, known as 
biocompatible monomer-based acrylic ester resins (NextDent B.V., Soesterberg, Netherlands) 
in the current market, is NextDent Ortho IBT clear resin. In terms of contents, the resin contains 
phosphine oxide, and the toxicological profile obtained from the safety data sheet (SDS) 
confirms the acute toxicity of phosphine oxide on aquatic organisms, the same as provided in 
the SDS of the Dental LT clear resin (Vertex-Dental, 2015). 
Prototyping resin Autodesk Resin: PR57-K-v.2 Black (Autodesk, Inc. USA), used for 3D 
printing processes, has shown toxicity in water fleas (Ceriodaphnia dubia) at 24 and 48 h 
exposure of 81.61 and 44.88 mg/L, respectively. Furthermore, as listed in the SDS individual 
compounds, the acrylic monomer alkoxylated pentaerythritol tetracrylate (96h LC50 in 
zebrafish of 7.9 mg/L), di(trimethylolpropane) tetraacrylate (LC50 value in common carp 
(Cyprinus carpio) of 1.2mg/L, EC50 in Daphnia magna at 48h and Pseudokirchneriella 
subcapitata at 72 h exposure of 10 and 12 mg/L) and 2-methyl-1-(4-methylthoiphenyl)-2-
morpholinopropan-1-one (96h LC50 in zebrafish of 9 mg/L, whereas the EC50 for green algae 
(Pediastrum boryanum) at 72 h and Daphnia magna at 48 h exposure were 1.7 and 15 mg/L) 
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used in developing the resin showed individual toxicity towards aquatic organisms, confirming 
the collective aquatic toxicity of the product (Autodesk, 2016).  
Prior studies conducted by the Wlodkowic lab at RMIT University have highlighted the toxicity 
of multiple 3D printing polymer leachates using several models (Wlodkowic, Cooper, 
Macdonald, & Zhu, 2013). Trapping devices produced by Zhu F. et al. (2013) using the MJM 
and SLA 3D printing techniques with VisiJet Crystal (HD3500+) and DSM Watershed (Viper 
Pro) materials, demonstrating toxicity towards 6 hpf zebrafish embryos within 24 hours of 
exposure due to the toxicity of the post-cured 3D printed materials (Feng Zhu, Wlodkowic, et 
al., 2013). When the zebrafish embryo trapping devices produced with VisiJet Crystal resin 
with MJM technology and Watershed 11122XC, Dreve Fototec 7150 Clear, and Form Clear 
resins with the SLA technique, multiple complications were observed in exposed embryos. 
Those exposed to VisiJet Crystal and Form Clear resin devices showed mortality, hatching 
inhibition (HI), trunk abnormalities (TA), pericardial oedema (PO), and heart rate 
abnormalities (HR) within 72 h of exposure. Devices produced using Watershed 11122XC 
showed multiple sublethal toxicity endpoints (HI, TA, PO, and HR) in zebrafish embryos at 72 
h, whereas those exposed to the devices that used Dreve Fototec 7150 Clear resin showed PO 
(Feng Zhu, Niall P Macdonald, et al., 2015). To further confirm the toxicity, experiments 
conducted using a Daphnia magna acute immobilisation test, Lemna sp., growth inhibition test, 
and 7-day post-fertilised zebrafish larvae behaviour test were conducted. Experiments were 
performed by exposing the test organisms to the leachates obtained from the devices printed 
using VisiJet Crystal, Watershed 11122XC, Dreve Fototec 7150 Clear, VisiJet SL Clear, and 
Form 1 Clear resins. The results clearly illustrated the toxicity of these resins in all three test 
organisms (Palomba et al., 2015). These research studies have shown the toxicity of 3D printing 
polymers for Danio rerio (zebrafish), Daphnia magna, and Lemna sp., indicating possible 
biocompatibility issues of these products and their capability to act as environmental pollutants. 
Hence, 3D printing polymers’ biological toxicity needs to be studied further, and the extent of 
their toxicity on the environment must be identified. 
 
1.5. Mechanisms of environmental toxicant action 
Previous toxicological research has studied the mechanisms or toxicant pathways of various 
toxic compounds and their effects on biological organisms to further understand the 
toxicological effects of environmental toxicants (K. Li et al., 2017; Parng, Ton, Lin, Roy, & 
McGrath, 2006; S. Pereira, Cavalie, Camilleri, Gilbin, & Adam-Guillermin, 2013). A 
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combined study of two or more biological assays is known to be able to describe a detailed 
study of toxicants’ effects on organisms, effects of cellular-level damage, and biological 
pathways caused by those toxicants. Xia et al. (2017) conducted experiments to identify the 
effects of ibuprofen, diclofenac, and paracetamol to investigate the relationship between 
mortality, morphological changes, and early life stage behaviour alterations. These researchers 
discovered a direct correlation between the manifestation of morphological changes, decreases 
in embryo hatching rates, and decreases in behaviour with regard to ibuprofen and diclofenac 
toxicity (L. Xia, Zheng, & Zhou, 2017).  
Researchers have adopted toxicant pathways and mechanistic studies to further understand the 
environmental toxicity of polymers and polymer additives in vertebrate and invertebrate 
organisms (Stephensen, Adolfsson-Erici, Hulander, Parkkonen, & Förlin, 2005; M. Wu et al., 
2011; Xu, Yang, et al., 2013). For example, rubber additive leachates tested on rainbow trout 
(Oncorhynchus mykiss) revealed the induction of oxidative stress through observing the 
increase in total glutathione (tGSH) concentration in liver, MBT hepatic GR, and 
glutathione S-transferase (GST) activity in adult fish. This experiment demonstrated the effect 
of 2-mercaptobenzothiazole (MBT) and the antioxidant diphenylamine (DPA) on antioxidant 
defence components as well as detoxification enzymes (Stephensen et al., 2005). Research 
conducted exploring the toxicity of BPA and NP demonstrated the significant upregulation of 
immune response genes, such as IFNγ, IL1β, IL10, Mx, TNFα, CC‐chemokine, and CXCL‐clc. 
Furthermore, it demonstrated the activation of innate immune responses via 
TLR3, TRIF, MyD88, SARM, IRAK4, and TRAF6 genes related to the Toll‐like receptors 
(TLRs) following the induction of oxidative stress, caused by the exposure of zebrafish 
embryos to toxicant compounds ,which led to developmental deformities (M. Wu et al., 2011; 
Xu, Yang, et al., 2013). Furthermore, research conducted by Jeong et al. (2017) explained 
microplastic toxicity via oxidative stress induction in the marine copepod Paracyclopina 
nana, leading to developmental delays and reduced fecundity (Jeong et al., 2017). Hence, 
understanding the effects of toxicant compounds that affect biological organisms and 
techniques, which can be incorporated into illustrating the inner workings of the toxicant 
activity, is vital for properly understanding polymer toxicity.  
1.5.1. Sublethal effects of toxicants 
Conventional ecotoxicological methods are commonly used, but have limitations such as low 
data throughput, the requirement for large sample volumes, high labour-intensiveness and time-
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consumption, static experimental conditions, and a single endpoint strategy. Furthermore, they 
are not capable of obtaining data on the sublethal effects of environmental toxins. Lethal 
endpoints can be greater than environmentally available toxicant levels, making lethality tests 
less sensitive. Sublethal effects are adverse effects on biota prevalent in lower toxicant 
concentrations or doses than those that would result in somatic death. The most common 
sublethal effects are expressed as growth, developmental, reproductive, physiological, 
immunological, and behavioural changes. In long-term ecological contexts, these sublethal 
toxicant concentrations can have lethal consequences known as ecological mortality or 
toxicant-related diminishing of fitness at a magnitude that is equivalent to somatic death (K. I. 
K. Wang et al., 2012; Feng Zhu, Akagi, et al., 2013) (K. Wang et al., 2012; Feng Zhu et al., 
2013). Sublethal toxicant tests are more sensitive and can better predict environmentally 
relevant toxicant levels than can lethal toxicity tests (K. I. K. Wang et al., 2012). The 
accumulation of excreted products from test animals, difficulty in providing a continuous flow 
of media, and maintaining toxicants at relevant levels are additional difficulties in conducting 
conventional tests and obtaining reproducible readings (Feng Zhu, Akagi, et al., 2013).  
A sublethal endpoint detection method developed for zebrafish embryos is known as the 
sublethal fish embryo toxicity (iFET) test. In this experiment, nine developmental sublethal 
endpoints are observed every 24 hours for a total of 96 hours, a protocol that was based on the 
standard OECD-approved FET test (économiques, 2013). The nine sublethal endpoints are 
abnormal eye development, oedema development, lack of pigmentation, defects in blood 
circulation, and head, tail, heart, spine, and yolk abnormalities (F. Zhu et al., 2015). Alterations 
in the cardiovascular activity of zebrafish larvae were recently been used to develop a sublethal 
toxicology test; in developing this test, the researchers demonstrated the ability to gather data 
on the effects of clinical drugs that alter zebrafish larvae’s cardiovascular rhythm. This could 
be used as an informative drug-screening technique in aquatic toxicology (Fuad, Kaslin, & 
Wlodkowic, 2018). Furthermore, the sublethal toxicity of a compound or mixture could result 
in substantial toxic effects at the cellular or organism level, and can be determined using 
parameters such as oxidative stress (Alomar et al., 2017; Qiu et al., 2016), mitochondrial 
toxicity (T. Lee et al., 2012), genomic toxicity (Hulak, Gazo, Shaliutina, & Linhartova, 2013; 
Nakajima et al., 2006), changes in metabolic rate (Smith, Grant, Blass, Courtney, & Barbenel, 
1996), and apoptosis (P. Eimon et al., 2006; P. M. Eimon & Ashkenazi, 2010). These sublethal 
toxicity effects could cause extensive environmental damage in an individual species, leading 
to ecological imbalance. 
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1.5.2. DNA and RNA damage  
Toxicogenomics is a vital sublethal endpoint that provides information concerning the effects 
of toxicants caused by DNA and RNA alterations. Even though information has been provided 
through research using toxicogenomic methods, as a research field, toxicogenomics is in its 
infancy in aquatic toxicology (Griffitt, Luo, Gao, Bonzongo, & Barber, 2008). The 
development of this field is the result of extraordinary advances in molecular biology during 
the past few decades, permitting a greater understanding of genetic material and its 
functionality. Toxicogenomics is defined as ‘the study of the relationship between the structure 
and activity of the genome (the cellular complement of genes) and the adverse biological 
effects of exogenous agents’ (Aardema & MacGregor, 2002). This newly developed 
knowledge has helped scientists understand the metabolic pathways of toxicant impacts, 
genetic changes that can occur, and how mutagens act upon an organic material. This 
information is used to provide answers concerning toxicant-induced genetic mutations and how 
chemicals such as endocrine-disrupting agents alter genetic material (Ankley et al., 2006; Inoue 
& Pennie, 2013).  
Geneticists and toxicologists have studied how gene expression can be transformed in the 
presence of toxicants, resulting in altered cellular constituents (Inoue & Pennie, 2013). Due to 
the high sensitivity of these experiments, information gathered using genotoxicity techniques 
has been instrumental in aquatic ecological risk assessments (Van Aggelen et al., 2010). These 
techniques have aided the identification of new genetic biomarkers that can be used to explain 
the effects of undesired chemicals in low concentrations. One of the earliest techniques used to 
identify cell apoptosis was the comet assay, which analyses genetic material damage during 
cell apoptosis through the electrophoretic separation of fragmented DNA and RNA. A large-
scale gene expression method known as a microarray is a procedure that is currently applied in 
genotoxicity studies (Azqueta, Shaposhnikov, & Collins, 2009). This method uses RNA from 
the sample or site of interest and reverse-transcribes it, binding it with a probe that provides a 
signal that can be identified when it binds to the complementary target DNA sequence, thereby 
enabling quantification. 
Research was conducted on benzophenone (BP), 2-hydroxy-4-octyloxybenzophenone 
(HOBP), 2-hydroxy-4-methoxybenzophenone (HMBP), 2,4-dihydroxybenzophenone 
(DHBP), 2,2'-dihydroxy4-methoxybenzophenone (DHMBP), and 2,2'-dihydroxy-4,4'-
dimethoxybenzophenone (DHDMBP) for their carcinogenicity, and all are used in common 
38 
 
plastic products. Results obtained in a luminescent umu-test, which detects genetic damage by 
detecting the gene expression involved in SOS repair, as well as from the Ames test, which 
detects mutations triggered by genetic damage, showed positive results for genetic damage on 
HMBR, DHBR, HOBP, and DHMBP compounds (Nakajima et al., 2006). Research conducted 
on BPA genotoxicity revealed DNA damage in blood lymphocytes and structural chromosome 
aberrations in bone marrow cells in adult male and female rats (Tiwari et al., 2012). 
Furthermore, research conducted on sterlet (Acipenser ruthenus) spermatozoa displayed 
significant increases in DNA fragmentation and oxidative stress, leading to significantly 
decreased spermatozoa motility and velocity (Hulak et al., 2013). 
Zebrafish are model organisms used in toxicology tests because of their unique features, such 
as the transparency of their larvae and embryos, fast growth cycle, short reproduction cycle, 
large number of spawned offspring, and ease of laboratory maintenance, as well as the 
complete sequencing of their genetic material, which has similar characteristics to the human 
genome (Howe et al., 2013; Segner, 2009). This makes zebrafish ideal candidates for 
genotoxicity testing, and the methods developed using zebrafish can be used for other 
experimental fish model species such as Oryzias latipes (medaka) and Pimephales promelas 
(fathead minnow). Bioaccumulation and expulsion of chemicals are regulated by ATP binding 
cassettes (ABCs), which are members of a transporter family that plays a major role in drug 
resistance against cancer therapies; they are found in most fish species including zebrafish, 
with their genome encoding for 41 ABC transporters. These transporters are able to increase 
transport accuracy in a process known as chemosensitisation; using this as a genetic marker in 
zebrafish embryos enables scientists to identify chemicals that are capable of causing 
chemosensitisation, such as pesticides and aromatic compounds (Scholz et al., 2008). Hoyt et 
al. (2003) published work on zebrafish exposed to nonylphenol, a compound used in plastic 
production. Exposed zebrafish resulted in altered gene expression; this was also the first 
published study using zebrafish embryo microarrays (Hoyt, Doktycz, Beattie, & Greeley, 
2003). 
H2AX is a variant of the H2A protein family, which is present in humans as well as most 
eukaryotes and is instrumental in repairing double-standard DNA damage (S. Pereira et al., 
2013). Primary antibody probes have been developed to identify the presence of H2AX in 
zebrafish, but these probes have not yet been used as a standard technique in aquatic toxicology. 
The antibody probes could be used to identify chemicals capable of causing double-stranded 
DNA damage and to analyse the concentration of toxicants that causes this type of damage, 
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which can result in cellular demise. Caspase-3 is a member of the cysteine-aspartic acid 
protease (caspase) protein family, which is transcribed by the CASP3 gene that is present in 
many mammals as well as zebrafish (Takeshi, KISHI, OKAZAKI, & YAMASHITA, 2001). 
A molecular marker was developed to identify the caspase-3 protein in zebrafish embryos, 
which can provide important information on zebrafish embryo cell apoptosis rates in the 
presence of toxicants (Negron & Lockshin, 2004; Takeshi, Kishi, Okazaki, & Yamashita, 
2001). Even though many genetic markers have been identified in different metabolic and 
functional pathways, with some being used to identify the effect of toxicants, most of them 
have not been used in the context of polymer and polymer additive toxicity.  
1.5.3. Oxidative stress  
Oxygen is used in live organisms for energy production and oxidation of food, during which 
partial reductions of O2 can result in ROS, which are also known as reactive oxygen 
intermediates (ROIs). ROS are consistent with free radical species such as superoxide anion 
radical (O2•-) peroxyl radicals (ROO•-), nitrogen oxide (NO•), and hydroxyl radical (OH•-), as 
well as nonradical species such as H2O2 (Livingstone, 2003; Valavanidis, Vlahogianni, 
Dassenakis, & Scoullos, 2006). These free radicals and nonradical unstable toxic biproducts 
are constantly produced in a normal metabolic process in the cells. These toxic by-products are 
detoxified and regulated by antioxidant defence mechanisms using specific antioxidant 
enzymes and low molecular weight free radical scavengers in normal healthy cells. These 
biological mechanisms create a balanced nontoxic environment in the cells (Livingstone, 
2003). Among these defence mechanisms, enzyme superoxide dismutase (SOD) converts 
oxygen free radical into H2O2, enzyme catalase (CAT) converts H2O2s into nontoxic O2 and 
H2O, and glutathione peroxidase (GPX) also detoxifies H2O2. Excess production of these ROS 
molecules could overcome the antioxidant defence mechanisms of the cell, leading to oxidative 
stress. Induction of oxidative stress caused by excess ROS can lead to oxidative damage in the 
cell, including the disruption of biochemical reactions, lipid peroxidation, protein denaturing, 
and DNA damage, which could eventually lead to cell death (Livingstone, 2003; Tan, Wood, 
& Maher, 1998). 
Induction of oxidative stress caused by stressful environmental conditions can be identified 
using known molecular biomarkers specific to antioxidant systems. Detecting oxidative stress 
in a cell can be achieved using biological assays that have been developed by researchers during 
last few decades (Valavanidis et al., 2006). Common biomarkers used in identifying free 
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radical damage are the SOD assay, which identifies superoxide anion radical presence in cells 
(Fridovich, 1995); catalase assay, which determines the presence of H2O2 (Winston & Di 
Giulio, 1991); and the glutathione S-transferase (GST) assay, which detects secondary ROS 
products in cells (Veal, Toone, Jones, & Morgan, 2002). Furthermore, the malondialdehyde 
(MDA) assay is used to identify lipid peroxidation (LPO) in cells; malondialdehyde is a 
secondary lipid peroxide produced through excess ROS being present (Guéraud et al., 2010). 
Determining polysaturated fatty acid diene conjugation is another method of identifying 
oxidative stress via lipid peroxidation. Protein damage in the presence of ROS is commonly 
identified through determining protein carbonylation using 2, 4-dinitrophenylhydrazine 
(DNPH). Protein carbonyl present in cells binds with DNPH to produce a stable compound, 
enabling the quantification of protein damage caused by the presence of ROS in cells (Levine 
et al., 1990). 
Research conducted by Alomar et al. (2017) showed oxidative stress induction due to 
microplastic ingestion in the fish species Mullus surmuletus. Exposed fish livers were subjected 
to CAT, GST, MDA, and SOD assays to determine the oxidative stress development through 
excess ROS production. All biomarkers showed increases in activity in the exposed fish liver, 
whereas only GST showed significant increases in activity among the exposed fish (Alomar et 
al., 2017). Adverse effect of the microplastics were also studied in the marine copepod 
Paracyclopina nana using the oxidative stress markers GR, GPx, GST, and SOD. All the 
parameters observed showed their highest activity at a concentration of 0.05 μm, proving the 
induction of oxidative stress caused by microplastic exposure (Jeong et al., 2017). Induced 
oxidative stress can be caused through the direct ingestion of microplastics or toxicity of the 
chemicals leaching from the plastic products (Alomar et al., 2017). 
Oxidative stress induced by BPA and NP have been established using hydroxyl radical 
formation, MDA assay, TG, GSH, and GSSH in zebrafish embryos. In the exposed embryos, 
hydroxyl radical formation and MDA activity showed dose-dependent increases in both BPA 
and NP, whereas TG, GSH, and GSSH showed significantly decreased levels of activity in the 
presence of toxicants (M. Wu et al., 2011). In addition, oxidative stress induction caused by 
long-term exposure to BPA was studied by observing changes in CAT, SOD, glutathione 
peroxidase (GSH-Px), and MDA in the livers of red common carp (Cyprinus carpio) after 30 
days of exposure. Results obtained after the exposure time showed significant decreases in 
catalase activity at concentrations of 100 and 1000 µg/L, whereas SOD and GSH-Px showed 
significant decreases at 10, 100, and 1000 µg/L in the exposed fish livers. Moreover, LPO 
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activity of the livers were found to increase in a dose-dependent manner, with significant 
increases observed in 100 and 1000 µg/L exposed samples (Qiu et al., 2016).  
 
1.5.4. Mitochondrial toxicity 
Mitochondria are the powerhouses of cells and generate ATP for the energy requirement of 
metabolic activities. They are also known for the iron homeostasis synthesis of pyrimidines 
and steroids, calcium signalling, heme and iron-sulfur cluster assembly, thermogenesis and 
fever response, and the role played in mitochondrial initiated cellular apoptosis (Calvo & 
Mootha, 2010). Mitochondria are capable of removing damaged cellular components by either 
transferring them with mitochondria-derived vesicles to peroxisomes or lysosomes for 
degradation or by denaturing them inside the mitochondria. In cells, mitochondria can exist as 
highly networked or highly fragmented entities, a process controlled by mechanisms known as 
mitochondrial fusion and fission (Meyer et al., 2013). Damaged mitochondria are denatured 
and removed from cells by a selective process known as mitophagy through using cellular 
autophagy (Kim & Lemasters, 2011; Kim, Rodriguez-Enriquez, & Lemasters, 2007).   
Mitochondrial toxicity can occur due to various reasons, such as nucleus DNA mutations, 
mitochondrial DNA mutations, drug-induced mitochondrial toxicity, and environmental 
pollutant effects (Meyer, Hartman, & Mello, 2018). Because the crucial role mitochondria play 
in cellular functionality and maintenance is well-understood, and a variety of techniques been 
developed to measure mitochondrial health. In these methods, scientists have emphasised 
examining morphological changes, membrane potential oxygen consumption, ATP production, 
metabolite production, and reduction potential (Will & Dykens, 2014). Polymer toxicity 
towards mitochondria was observed in polystyrene (PS) nanospheres by Xia et al. (2007); the 
research group discovered that these particles were capable of inducing ATP depletion and 
mitochondrial damage by developing different structural and functional abnormalities in 
mitochondria, eventually leading to cellular demise (T. Xia, Kovochich, Liong, Zink, & Nel, 
2007). Acrylamide, a widely used chemical for producing various polymers, was tested for 
mitochondrial toxicity by Lee et al. (2012) on the liver cells of male transgenic mice. Results 
indicated significant decreases in the genes associated with the 3-beta-hydroxysteroid 
dehydrogenase family through transcriptional profiling of 542 mitochondria-related genes. 
Furthermore, genes associated with ATP synthesis and oxidative phosphor relations were 
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unregulated, resulting in increased ATP levels. These results provided evidence for the 
mitochondrial toxicity of acrylamide (T. Lee et al., 2012). 
In determining mitochondrial toxicity, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) and alamarBlue assays are commonly used metabolic assays for determining 
the reduction potential alterations caused by toxic effects. The MTT assay was developed on 
the principle of the capability of reducing 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide dye used in the assay by NAD(P)H-dependent cellular 
oxidoreductase enzymes. These oxidoreductase enzymes can vary due to different cellular 
conditions providing information on different reductive potentials (Berridge, Herst, & Tan, 
2005; Stockert, Horobin, Colombo, & Blázquez-Castro, 2018). Research was conducted on the 
toxicity of the compound poly(vinyl chloride) formulations by Smith et al. in 1996 for its 
cytotoxicity. In this experiment, mitochondrial toxicity through reductional potential was 
observed using an MTT assy. Plasticisers di(2-ethylhexyl)phthalate (DEHP) and di-isooctyl 
phthalate were extracted and exhibited toxicity in the assay (Smith et al., 1996). 
Alamar Blue dye has been used as a cell viability and energy expenditure measurement assay 
(Rampersad, 2012; S. Y. Williams & Renquist, 2016). This indicator has been used on 
zebrafish to detect energy expenditure changes (Renquist, Zhang, Williams, & Cone, 2013; S. 
Y. Williams & Renquist, 2016). Oxygen consumption in an organism can be used as the 
standard method for identifying energy expenditure in a test subject. In the production of 
metabolites through the tricarboxylic acid cycle and β-oxidation, NADH2 is produced, oxygen 
is consumed, and NADH2 is responsible for ATP production through the oxidative 
phosphorylation (Lodish et al., 2000). Hence, measuring the production of NADH2 during 
metabolism can be used as an indicator of oxygen consumption. Measuring the changes of 
oxygen consumption provides evidence for energy expenditure changes in an organism 
(Rampersad, 2012). The active component in alamarBlue reagent is resazurin (7-hydroxy-10-
oxidophenoxazin-10-ium-3-one), which is a nontoxic, water soluble, and cellular membrane-
permeable compound (Kreft & Kreft, 2009); it is a blue, weakly fluorescent, oxidised 
compound. Without interfering with the normal transport of electrons in the electron transport 
chain, this compound is capable of accepting electrons as an intermediate electron accepter and 
reducing itself by converting to a pink, highly fluorescent, reduced compound called resorufin 
(7-hydroxy-3H-phenoxazin-3-one) (Page, PAGE, & NOEL, 1993). This reduced compound’s 
fluorescence intensity can be measured using a spectrophotometer (S. Y. Williams & Renquist, 
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2016). This technique has been adopted to observe changes in the metabolic activity of 
zebrafish embryos exposed to toxicant compounds (Renquist et al., 2013). 
 
 
Figure 1.9. Alamar Blue assay activity of resazurin (low-fluorescence compound) converting to resorufin 
(high-fluorescence compound) during cellular metabolism (Biosciences, 2019). 
 
1.5.5. Caspase-dependent apoptosis 
All cells are mortal, and cell death is one of the essential and fundamental processes in the 
biological systems that is crucial for the development and maintenance of a healthy organism 
(Johnstone & Silke, 2015). Properly regulated cell death is vital for an organism to maintain 
proper homeostasis, physiology, and adaptation to the environment, but if it occurs in an 
unregulated manner or in the wrong place or time, this can lead to unfavourable conditions. 
Results of such unregulated cell demise can vary from cancer to autoimmune diseases, heart 
attacks, and many other injuries. Other than from natural growth and developmental cues, cell 
death can occur from physical or chemical stress as well as intrusions of external organisms, 
such as parasites or viral interventions (Green, 2011; Johnstone & Silke, 2015).  
Green (2011) identified three major types of cell death: autophagic cell death, necrosis, and 
apoptosis (see Figure 1.10). Apoptosis is a mode of programmed cellular death mechanism or 
active cellular demise that occurs for various reasons, such as cellular damage due to disease 
or noxious agents and as a homeostatic mechanism of the developing or ageing organism 
(Green, 2011). Apoptosis is a complex mechanism of cellular demise, and what follows is a 
brief description of its main attributes as related to this study. During cell apoptosis, small 
membrane-bound blebs known as apoptotic bodies containing cellular fragments are made. 
Furthermore, DNA is fragmented, nuclear chromatin is condensed, and apoptotic cells are 
shrunk (Green, 2011). Apoptosis can occur in two main pathways—intrinsic and extrinsic—
and an additional pathway known as a granzyme pathway (see Figure 1.10). In this subsection, 
the main features of the intrinsic cell apoptotic pathway are discussed. Endopeptidases caspase 
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is an important enzyme belonging to the protease enzyme family and plays a major role in 
apoptosis, but caspase-independent apoptosis is also possible. Caspase-3 is a main contributor 
in the execution phase of cell apoptosis and interacts with caspase-8 and -9 to conduct cell 
apoptosis (Johansson, Steen, Öllinger, & Roberg, 2003; Stennicke & Salvesen, 1997). In the 
apoptosis process, caspase enzymes’ functionality is critical in two main aspects: as an initiator 
(Caspase-2, -8, -9, and -10) and as an executioner (Caspase-3, -6, and -7) (Galluzzi, López-
Soto, Kumar, & Kroemer, 2016; Green, 2011).  
The intrinsic pathway is also known as the mitochondrial pathway, and the cell death initiation 
signals for this pathway are initiated in the affected cell. Mitochondrial membrane permeability 
is regulated by three proteins belonging to the BCL-2 family: antiapoptotic BCL-2, which 
prevents cell permeability; proapoptotic BCL-2, which allows cell permeability; and the third 
group of BCL-2 protein, which regulates the first two in managing mitochondrial membrane 
integrity (Green, 2011). The intrinsic pathway can be triggered by causes such as a lack of 
growth factors, DNA damaging drugs, and toxin activity (Johnstone & Silke, 2015). This 
pathway stimulates intracellular signals and develops the mitochondrial permeability transition 
(MPT) pore in the mitochondrial membrane, allowing it to secrete intermembrane (outer and 
inner mitochondrial membranes) mitochondrial proteins into the cytosol, including cytochrome 
c. The secretion of mitochondrial proteins, the second mitochondria-derived activators of 
caspases (SMACs), inactivates the inhibitors of apoptosis proteins (IAPs) by binding to them 
and inactivating the caspases, allowing apoptosis to initiate. Released cytochrome c proteins 
binds with adapter proteins and causes them to become clustered. These clustered cytochrome 
c and adapter proteins in the cytosol bind to and activate procaspase-9. The activated initiator 
caspase-9 activates the executioner caspase-3, thereby continuing apoptosis by degrading the 
chromosomal DNA (Green, 2011). 
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Figure 1.10. Schematic of the multiple cell apoptotic pathways. The two main cell apoptotic pathways are intrinsic 
and extrinsic pathways that share the executioner caspase-3 route. The third pathway is known as the granzyme 
pathway and is subdivided into the granzyme-A and granzyme-B pathways. The granzyme-B pathway is a 
caspase-dependent pathway that shares the same executioner caspase-3 route, but granzyme-A is a caspase-
independent apoptotic pathway. 
Finally, apoptotic cells are removed through phagocytosis by macrophages. Phosphatidylserine 
(PS) is a phosphor lipid that acts as an identifier molecule for phagocytic cells to identify 
apoptotic cells (Elmore, 2007; Verhoven, Schlegel, & Williamson, 1995). Phosphatidylserine 
is situated in the inner layer of the bilayer phospholipid cell membrane of nonapoptotic cells. 
The inner layer of the plasma membrane keeps PS and other aminophospholipids by an ATP-
dependent aminophospholipid translocase by flipping them from outer membrane to inner 
membrane in nonapoptotic cells. In apoptotic cells, PS is externalised via a caspase-dependent 
method before the plasma membrane is disrupted (Green, 2011). The annexing-V protein is 
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known to bind with PS and has been used as an apoptosis indicator in other studies. Once PS 
is externalised into the outer layer of the cell membrane, external annexing-V proteins with a 
fluorescent dye can bind to PS and act as an indicator, which can be identified using a 
fluorescent reader or fluorescent microscope (Green, 2011; Negron & Lockshin, 2004; Van 
den Eijnde et al., 1998; Van Engeland, Nieland, Ramaekers, Schutte, & Reutelingsperger, 
1998). 
1.5.5.1. A mechanistic link between oxidative stress and programmed cell 
death  
Oxidative stress is known to induce cell death via regulated apoptotic pathways. Enhanced 
ROS levels could generate oxidative stress in the cellular environment (Kannan & Jain, 2000; 
Ryter et al., 2007). This induced oxidative stress can lead to cellular demise by impairing 
natural mitochondrial functionality (Ott, Gogvadze, Orrenius, & Zhivotovsky, 2007). 
Mitochondria are the main ROSA generator in cells through the mitochondrial respiratory 
chain, and moreover, they act as one of the main cell death initiator organelles. The inability to 
regulate ROS levels in the mitochondrial environment could lead to disruption of the 
mitochondrial membrane permeability. To prevent this, mitochondria contain mitochondrial 
antioxidant defence systems, such as the production of SOD, catalase, and GPx proteins. When 
ROS production is elevated and natural ROS regulation is disturbed, mitochondrial antioxidant 
defence systems fail, leading to the function of the mitochondrial originals releasing 
intermembrane mitochondrial proteins into the cytosol, initiating apoptosis (Kannan & Jain, 
2000; Ott et al., 2007). 
The induction of oxidative stress from environmental stress and toxicants can lead to elevated 
oxidative stress levels and cellular demise (Li, Yin, & Zhao, 2017; Ryter et al., 2007). 
Toxicological research conducted on the known oestrogenic endocrine disruptors DBP, BPA, 
and cadmium (CD) (Li et al., 2017) observed induction of oxidative stress in the test human 
liver cancer cell line HepG 2; moreover, the same chemicals were responsible for DNA damage 
at the cellular level. Researchers concluded that the induction of excess oxidative stress led to 
DNA damage, resulting in cell death (X. Li et al., 2017). Elevated oxidative stress levels 
leading to programmed cell death have been observed by research conducted on toxicological 
exploration. For instance, cytotoxicity caused by oxidative stress induced by dental monomers 
(GMA, TEGDMA, and HEMA) was confirmed by cotreating V79-4 fibroblasts and RPC-C2A 
pulp cells with N-acetylcysteine (NAC), an antioxidant compound, finding significantly 
reduced cytotoxicity. In the presence of the same dental monomers, characteristic DNA 
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fragmentation of DNA ladder patterns on apoptotic cells was observed. Furthermore, Annexin-
V staining of the cells confirmed their apoptosis, which resulted from being exposed to dental 
monomers, confirming the relationship of oxidative stress and apoptosis (D. H. Lee, Lim, Lee, 
Ahn, & Yang, 2006). Review papers published by Krifka et al. (2013) and Demirci et al. (2008) 
illustrated the ability of ROS development due to the toxicity of monomers used in dental resin 
and the ability of oxidative stress caused by ROS leading to cellular damage and apoptosis 
(Demirci et al., 2008; Krifka, Spagnuolo, Schmalz, & Schweikl, 2013). Experiments conducted 
on bisphenol S (BPS) toxicity by Gu et al. (2019) revealed the 96 h LC50 value of zebrafish 
larvae to be 323 mg/L as the lethality of the compound, as well as determined that oxidative 
stress induction caused by BPS led to apoptosis (Gu et al., 2019). 
 
1.5.6. Alternative modes of cell death 
The second main method of cellular expiration is autophagic cell death. Autophagic cell death 
is not a well-studied or understood mechanism, but it is activated when apoptosis is blocked. 
This morphologically defined cell death method is capable of disposing of cytosolic bacteria, 
cytosol, and originals by delivering them to lysosomes (Johnstone & Silke, 2015). The 
autophagic method is characterised by the mass accumulation of double-membraned vesicles 
known as autophagosomes that appear as vacuoles in the cell. These vacuoles are exposed to 
lysosomes for the degradation of unwanted cellular components (Green, 2011). This method is 
still controversial and was discussed in detail in ‘Autophagic cell death: the story of a 
misnomer’ by Guido Kroemer and Beth Levine (Kroemer & Levine, 2008).  
The third method is necrosis. This process is almost morphologically opposite to apoptosis; in 
apoptosis, cells are shrunken, whereas in necrosis, cellular death occurs due to the swelling of 
the cells, leading to them bursting and decomposing (Green, 2011; Johnstone & Silke, 2015). 
Necrosis can occur through both unprogrammed and programmed cell death mechanisms. 
Necrotic cells with morphologically and genetically encoded and programmed cell death is 
called necroptosis. Necroptosis is initiated by activating mixed lineage kinase domains, such 
as pseudokinase (MLKL) protein, by permeabilising the plasma membrane. This MLKL is 
activated by receptor-interacting serine/threonine-protein kinase 3 (RIPKI3), and RIPKI3 is 
activated by receptor-interacting serine/threonine-protein kinase 1 (RIPKI1). In extrinsic 
apoptosis, if the caspas-8 activation is inhibited, RIPKI1 is activated, eventually initiating 
necroptosis (Johnstone & Silke, 2015).  
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The induction of autophagy and necrosis has been observed to be encouraged by environmental 
toxicants such as heavy metal contamination, dust particles, and ozone exposure (Becker, 
Soukup, & Gallagher, 2002; Chatterjee, Sarkar, & Bhattacharya, 2014; Wei Liu et al., 2016; 
Schraudner, Langebartels, & Sandermann, 1997). Moreover, activation of autophagic cell 
death has been identified as a secondary defence against oxidative stress by autophagic removal 
of oxidatively damaged proteins and organelles; this can be hindered by lipofuscin generation. 
Continued simulation of autophagy induced by environmental pollutants was found to reduce 
the production of age pigment or lipofuscin, enabling them to be more tolerant to environmental 
toxins and act as a defence mechanism (Moore, 2008; Moore, Allen, & Somerfield, 2006). 
 
1.5.7. Zebrafish as an in vivo model for analysis of programmed cell death  
 
Zebrafish have been identified as an ideal candidate for the in vivo study of cellular apoptosis 
under normal development and cellular stress conditions. Their unique combination of features 
such as small size, rapid development, short embryo generation time, large number of embryos 
produced, optical transparency of the embryos, thorough understanding of the genome, and 
available tools for gene manipulation in zebrafish enables them to be used as model organisms 
when studying apoptosis (P. M. Eimon & Ashkenazi, 2010; Pyati, Look, & Hammerschmidt, 
2007). Resent research works have provided detailed information on zebrafish’ intrinsic and 
extrinsic apoptosis pathways, providing much needed information on developing experimental 
techniques for apoptosis parameters (P. Eimon et al., 2006; Kratz et al., 2006). Zebrafish 
embryo intrinsic cell apoptotic pathways include Bcl-2 family members of the pro- and anti-
apoptotic proteins that regulate cytochrome C release, which activates the caspase family 
proteins leading to apoptosis, whereas extrinsic apoptosis pathway use numerous cell death 
receptors, TNFs, and zebrafish homologs of FasL and Apo2L/TRAIL mammalian apoptosis 
inducing ligands to initiate apoptosis (Pyati et al., 2007). 
Using current knowledge, several test methods have been developed for studying zebrafish 
apoptosis; they are being used in multiple research areas, such as drug-screening and neuron 
degeneration, to identify environmental toxicant activity (Parng, Anderson, Ton, & McGrath, 
2004; Pyati et al., 2007; Ung et al., 2010). The methods implemented in zebrafish apoptosis 
studies include conventional cell death assays such as the terminal dUTP nick end-labelling 
(TUNEL) assay, which detects the fragmented DNA in apoptotic cells (Furutani-Seiki et al., 
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1996; Gavrieli, Sherman, & Ben-Sasson, 1992); acridine orange (AO) assay, which uses the 
nucleic acid intercalating dye acridine orange that binds to dsDNA and emits green 
fluorescence (Furutani-Seiki et al., 1996; Tucker & Lardelli, 2007); and the DNA binding dye 
Hoechst 33342 that demonstrates the presence of chromatin clumps in the nuclei of zebrafish 
apoptotic cells (Negron & Lockshin, 2004). Furthermore, advanced technologies such as 
transgenic fish lines with fluorescence reporters and small molecule fluorescence probes have 
been developed to identify biochemical alterations leading to apoptosis (P. M. Eimon & 
Ashkenazi, 2010; Pyati et al., 2007).  
1.5.7.1. Transgenic zebrafish models 
Transgenic organisms are organisms developed with genetic alterations or modifications for 
use in numerous fields (Nielsen, 2003). These organisms can be developed to possess genetic 
or biological markers that can be used for identifying specific reactions that occur in an 
organism in a specific path or identifying any alteration that happens within a cell, organ, or 
organism. Researchers have worked on identifying potentially hazardous materials in hostile 
environments and tested transgenic zebrafish lines containing EPRE-driven reporter constructs 
that could identify the presence of hazardous materials. Furthermore, they have tested these 
organisms in the presence of different heavy metals, aromatic hydrocarbons, and 
organophosphates and found that these transgenic fish lines present dose-dependent responses 
similar to human cell lines tested in vitro using similar amount of compounds. Thus, this a 
highly valuable early warning system that can be used on the induction of oxidative stress 
eventually leading to cell death (Carvan Iii et al., 2001).  
In obscuring apoptosis caused by mitochondrial toxicity in developing zebrafish embryos, Kim 
et al. (2018) used transgenic zebrafish with a mitochondrial localisation sequence (MLS) 
combined with enhanced green fluorescent protein (EGFP). Combined plasmid MLS-EGFP 
was injected into zebrafish embryos at two cell developmental stages, and these transgenic 
embryos enabled the researchers to view the apoptotic cells with mitochondrial damage during 
the development in real-time (Jung Kim, Ho Kang, Kim, & Choi, 2008).  
Over-expression of apoptotic protein caspase-3 was used by Chakrabortyet al. (2006) to 
develop a transgenic zebrafish line to observe the apoptosis occurring from over-expression of 
caspase-3. In this research, transgene encoding CASP3 mouse gene was inked with zebrafish 
b-actin promoter (zβp), and this construction was linked to green fluorescent protein (GFP) 
gene creating green fluorescent protein mouse CASP3 transgene with zebrafish β-actin 
promoter (zβp-GFP-mCASP3). It was introduced to zebrafish embryos at two cell stages. 
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Developed embryos were capable of displaying the caspase-3-based apoptotic cells in the 
zebrafish embryos (Chakraborty et al., 2006). 
To determine the phosphatidylserine (PS) formation during cell apoptosis, Morch et al. (2015) 
used the Tg(-3.5ubb:secAnnexinV-mVenus) (mq8Tg) transgenic zebrafish line that expressed 
the fluorescence apoptotic marker Annexin V. The researchers were able to identify the 
apoptotic cells and neuronal damage as well as demonstrate the engulfing of neuronal debris 
by microglia in zebrafish spinal cords using the multiple transgenic fish lines (Morsch et al., 
2015). A  zebrafish apoptosis live imaging technique was developed by Van Ham (2010) by 
developing a transgenic fish line consisting of an Annexin V (UAS-Annexin-V-YFP) 
construct, which in the presence of PS florescence probe was detected by its yellow 
fluorescence glow (van Ham, Mapes, Kokel, & Peterson, 2010). Their research indicated the 
use of transgenic fish lines in understanding cellular apoptosis in zebrafish with a novel 
approach that veered away from conventional methods. 
1.5.7.2. Small molecule fluorescent and luminance probes 
Another technique used by researchers for identifying apoptosis in zebrafish was to use small 
molecule florescent probes. A zebrafish caspase activation effect of ionisation radiation was 
observed using Caspase-Glo reagents (Promega Corporation, Madison, WI) in the eye and 
brain of zebrafish embryos (Geiger et al., 2006). In this experiment, Caspase-Glo 8 and 
Caspase-Glo 9 lyophilised substrates were used to determine the caspase-8 and -9 activity in 
the embryos for determining the occurrence of apoptosis. In the presence of activated caspase, 
caspase recognition peptides fused to luciferin were cleaved and released luciferin. When the 
released luciferin was exposed to luciferase present in the assay reagent, it emitted luminance, 
indicating caspase activity (Geiger et al., 2006). 
To identify caspase-3 activated cell apoptosis, Negron et al. (2004) used the synthetic 
fluorogenic caspase‐3 peptide substrate Ac‐Asp‐Glu‐Val‐Asp‐AFC (Ac‐DEVD‐AFC). When 
the substrate was not cleaved by caspase Ac‐DEVD‐AFC, the substrate emitted blue 
florescence, and once the substrate was cleaved the researchers observed the emission of 
yellow-green florescence, indicating caspase activity leading to apoptosis (Negron & Lockshin, 
2004). The same research group studied cell apoptosis in zebrafish embryos using the binding 
of Annexin V to PS in the outer cell membranes of apoptotic cells. In this method, florescence 
ladled Annexin V reporter (Alexa Fluor 488 conjugated to annexin V) was used. In the presence 
of PS, apoptosis green florescence was observed (Negron & Lockshin, 2004). 
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1.6. Neurotoxicity and developmental neurotoxicity of industrial chemicals 
The neurotoxicity and developmental neurotoxicity in aquatic organisms have been found to 
be caused by various environmental toxicants and pollutants. Neurotoxicity and organisms’ 
development in the presence of neurotoxic compounds can result in numerous defects, 
including changes in neurochemistry, physiological deformities, and structural malformations 
in the nervous system and alterations in behaviour (Andersen, Nielsen, & Grandjean, 2000; 
Saunders & Dziegielewska, 2007). Neurotoxic chemicals have shown significant adverse 
effects in humans, as demonstrated by multiple research findings. A large number of industrial 
chemicals act as neurotoxic compounds in humans (see Table 1-4), causing an increased 
number of diagnosed disabilities and clinical symptoms to be observed in the last few decades. 
These diagnosed complications include dyslexia, autism spectrum disorders, autism, attention-
deficit hyperactivity disorder, and other cognitive impairments, and the observed multiple 
symptoms have included hallucinations, addictions, ataxia, narcosis, muscle fasciculation, 
paralysis, peripheral neuropathy, and Parkinsonism (Andersen et al., 2000; Grandjean & 
Landrigan, 2014; Kaufmann, 2003; Saunders & Dziegielewska, 2007). 
Table 1-4. Commercial chemical products that include pesticides, solvents, and metals identified to be neurotoxic 
in humans and animals. 
 
Organic solvents and 
industrial chemicals
Metals and metal 
compounds
Aldrin Fonofos Acetone cyanohydrin Aluminium
Acrylamide Formothion Allyl chloride Arsenic
Carbophenothion Benzene Arsine
Chlordane Isopestox Barium Bismuth
Chlordecone Isopropylphenylmethylcarbamate α-Chloralose Manganese
Chlorfenvinphos Carbon disulfide Lead Mercury
Chlorpyrifos Leptophos Ethanol Selenium
Lindane Chloroform Ethylene glycol Selenium oxide
Cyanides Malathion Methylmercury Tellurium
2,4-D Merphos Nickel carbonyl Thallium
DDT Metaldehyde Isopropanol Triethyltin
Metamidophos n -Hexane Methanol Trimethyltin
Demeton (systox) Methidathion Methyl n -butyl ketone Triphenyltin
Dialifos Methomyl Tetraethyllead Cadmium
Methoxyethanol Methyl demeton Methyl chloride Lead
Diazinon Methyl parathion Methylene chloride Methylmercury
Dicapthon Mevinphos 2-Nitropropane Triethyllead
Dichlofenthion Mexacarbate Perchloroethylene Trimethyllead
Dichlorvos Monocrotophos Phenol
Dieldrin Oxydemeton-methyl Tetrachloroethane
Dimefox Parathion Toluene
Dimethoate Phorate l, l, l -Trichloroethane
Dinoseb Phosphamidon Trichloroethylene
Dioxathion Schradan Trimethylene trinitramine
DNOC Sodium cyanate Acetaldehyde
EPN Thiram Carbon monoxide
Endosulfan Toxaphene Carbon disulfide
Endothion Trichlorfon Diethylhexylphthalate (DEHP)
Endrin Tri-o -cresylphosphate Methoxyethanol
Ethylene oxide Chlordimeform Methyl ethyl ketone (MEK)
Fenitrothion Deltamethrin N-Methyl pyrrolidone (NMP)
Fensulfothion Dilor n-Hexane
Fenthion Disulfoton PCB
Fenvalerate Ethylene thiourea PBB
Nicotine 111-Trichloroethane Styrene
Simazine Trichloroethylene Sulfur dioxide
Permethrin Xylene
Pesticides and related compounds
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Environmental chemicals acting as neurotoxic compounds have been shown to cause various 
complications and deformities in aquatic organisms. Most of the chemicals identified as having 
neurotoxic effects can be found in aquatic systems (Andersen et al., 2000; Beauvais, Jones, 
Parris, Brewer, & Little, 2001; L. Sun, Tan, et al., 2016). The neurotoxicity of an organism can 
be studied using numerous parameters, such as the development of the nervous system, 
enzymatic activity changes (AChE), and broader understanding of the up- and downregulation 
of neurotoxicity-related gene expression (Beauvais et al., 2001; Cappello et al., 2015; Maisano 
et al., 2017; L. Sun, Tan, et al., 2016). These neurotoxic biomarkers have been used in the 
preliminary identification of the presence of neurotoxic compounds in the environment. An 
experiment was conducted on Mollusc bivalves (D. trunculus) to determine the water quality 
of the Annaba Gulf (Northeast Algeria) bay from receiving industrial and domestic wastewater, 
implementing multiple biomarker observations throughout 2012. Among them, AChE activity 
of the mollusc was used as an indicator for the presence of neurotoxic compounds. Results 
obtained indicated the presence of neurotoxic compounds in the waters due to higher inhibition 
of AChE activity among the test subjects (Bensouda & Soltani-Mazouni, 2014). To identify 
the presence of neurotoxic compounds in the Venetian Lagoon in the North Adriatic Sea, tests 
were conducted on the AChE activity of the clam Tapes philippinarum; results also indicated 
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the presence of neurotoxic compounds in the lagoon because of reduced AChE activity 
(Matozzo, Tomei, & Marin, 2005). Furthermore, a range of biomarkers were used to identify 
the neurotoxic effects of petrochemical contaminants in contaminated areas of eastern Sicily 
(Italy) using the marine mussel Mytilus galloprovincialis. Results obtained from multiple 
endpoints of serotonergic, cholinergic, and dopaminergic systems indicated the neuro-
toxicological effects of petroleum contaminants in the region. Furthermore, due to the 
pollutants’ toxicity, normal movements of the cilia were impaired and over-expression of 5-
HT3R and ChAT isolated from the gills were indicators of adaptive behaviour of the test 
subjects trying to regain natural physiological activity of the gills that were damaged due to 
toxicity (Cappello et al., 2015). 
In research conducted by Sun et al. (2016) to illustrate the effect of the organophosphate flame 
retardants (tris(2-butoxyethyl) phosphate (TBOEP), tris(2-chloroethyl) phosphate (TCEP), tri-
n-butyl phosphate (TNBP), triphenyl phosphate (TPHP)) on Japanese medaka (Oryzias 
latipes), behavioural changes, gene expression, and AChE activity were tested. From results 
obtained from embryo exposure, the free swimming speed of the larvae was found to be altered 
in both 30-min constant illumination and 10 min each of light and dark cycles; different altered 
levels of AChE activity were also observed with different organophosphate flame retardants 
tested compared with control embryos. Furthermore, among the seven genes identified as the 
biomarkers of developmental neurotoxicity in Japanese medaka, chemical-specific up- or 
downregulation was observed, confirming the neurotoxicity of the tested organophosphate 
flame retardants (L. Sun, Tan, et al., 2016). Metal compounds such as cadmium, copper, 
arsenic, carbaryl, and mercury’s neurotoxicity have been studied, and their neurotoxic ability 
have been confirmed in various aquatic organisms (see Table 1-4) (Beauvais et al., 2001; 
Forget, Pavillon, Beliaeff, & Bocquené, 1999; Wiener & Suchanek, 2008). High levels of 
petroleum hydrocarbons and mercury exposure were detected in marine mussels (Mytilus 
galloprovincialis); results revealed inhibited AChE activity, deformities in the serotonergic 
system, and decreased levels of serotonin, which all confirmed the neurotoxic effects of 
exposed toxicants (Maisano et al., 2017). The aforementioned research studies indicate the 
importance and urgency of further understanding the neurotoxicity and developmental 
neurotoxicity of industrial chemicals. 
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1.6.1. Neurotoxicity of 3D printing plastic additives 
Plastic and plastic additives’ toxicity has become an important research topic because of the 
rapid development of the industry, multiple uses, large number of products, and low production 
cost (see Chapter 1.3). Research work on polymer toxicity has branched out to neurotoxicity 
induced by polymer and polymer additives. The neurotoxicity of BPA was demonstrated by 
Chen et al. (2017) using CNS gene upregulation and inhibition of AChE activity (Q. Chen et 
al., 2017), whereas Zhou et al. (2017) confirmed the neurotoxicity of BPA by demonstrating 
brain cell damage and decreased spatial memory performance in mice (Y. Zhou et al., 2017). 
The neurotoxicity of BPS was demonstrated using elevated behavioural levels and six 
neurodevelopmental gene expressions (Gu et al., 2019). Liu et al. (2018) confirmed the 
neurotoxicity of BPS with increased photoreceptor opsin genes (zfrho, zfblue, zfgr1, zfred, and 
zfuv) and altered photomotor responses of male zebrafish (Wenmin Liu et al., 2018). 
Behavioural alterations of zebrafish larvae were also observed with exposure to two 
benzotriazole ultraviolet stabilisers (BUVSs), UV-234 and UV-320, indicating the 
neurotoxicity of the compounds (Liang, Adamovsky, Souders II, & Martyniuk, 2019). The 
neurotoxicity of organophosphate flame retardant chemicals extensively used in plastic 
production were tested by Sun et al., who used the inhibition of AChE activity, changes in 
locomotor behaviour, and alterations of mRNA levels of nervous system-associated genes (L. 
Sun, Tan, et al., 2016). Significant upregulation of the neurotoxicity related genes growth 
associated protein 43 (gap43), embryonic lethal abnormal vision-like 3 (elavl3), glial fibrillary 
acidic protein (gfap), myelin basic protein (mbp), α1-tubulin, and neurogenin1(ngn1), as well 
as the inhibition of AChE activity in zebrafish were used to confirm the neurotoxicity of DBP 
and diethyl phthalate (Xu, Shao, Zhang, Zou, Wu, et al., 2013). 
Leachate consisting of multiple chemical compounds extracted from disposable plastic 
syringes and syringe filters were used by Tet Woo Lee and his research group to understand 
the neurotoxicity of the leachates using a cultured hippocampus. Results showed significant 
alterations in neurodevelopment, including changes observed in neuronal microtubule 
cytoskeleton development, axon formation, and neurite growth in the exposed test samples, 
confirming developmental neurotoxicity (T. W. Lee, Tumanov, Villas‐Bôas, Montgomery, & 
Birch, 2015). Research conducted by Zhu et al. (2015) with multiple extracts of 3D printed 
polymer demonstrated diminished behavioural capacity in terms of average distance travelled 
by zebrafish larvae exposed to polymer leachates (Feng Zhu, Skommer, Friedrich, Kaslin, & 
Wlodkowic, 2015). In the last few decades, an increasing number of studies have been 
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conducted on the toxicity of 3D printing polymers, polymer additives, and leachates, but almost 
no extensive work has been conducted on the neurotoxicity of the 3D printing polymer industry 
and its environmental impacts. 
1.6.2. Zebrafish as a proxy model for neurotoxicity testing 
A combination study of two or more biological assays is known to be able to describe a detailed 
study of toxicant effects on organisms, as well as the effects of cellular-level damage, 
neurotoxicity, and behavioural alterations caused by the toxicants (V. M. Pereira et al., 2012; 
L. Xia et al., 2017; Xu, Shao, Zhang, Zou, Wu, et al., 2013). As described earlier, in many 
published chapters and research articles, adult zebrafish, larvae, and embryos have been used 
to study aquatic toxicology. The global use of zebrafish as an ecotoxicology model organism 
has been identified and accepted guidelines have been established by the Organization of 
Economic Co-operation and Development (OECD), making them a universal model for aquatic 
studies (OECD, 1992, 1998, 2013). Developmental neurotoxicological knowledge obtained 
from zebrafish models was found to be useful in understanding the impact and effect of 
neurotoxic compounds that are more relevant to vertebrate biology. Embryo transparency and 
rapid development have made them more accessible for obtaining neurotoxic effects in 
developing organisms. The optical transparency of the organisms allows researchers to observe 
nerve axon tract development as well as physiological developmental changes in the presence 
of toxic compounds (Chitnis & Dawid, 1998; Kuwada & Bernhardt, 1990). The rapid growth 
rate and smaller size of the embryos enable researchers to observe behavioural and 
morphological alterations during their development in a short time period; results can be 
achieved in hours to a few days instead of months-long developmental procedures (Chitnis & 
Dawid, 1998; Ton, Lin, & Willett, 2006).  
Xia et al. (2017) conducted experiments to identify the effects of ibuprofen, diclofenac, and 
paracetamol to investigate the relationship of mortality, morphological changes, and early life 
stage behaviour alterations. These researchers discovered a direct correlation between the 
manifestation of morphological changes, decreases in embryo hatching rate, and decreases in 
behaviour with regard to ibuprofen and diclofenac toxicity (L. Xia et al., 2017). One 
experiment analysing the behaviour of 24-hpf embryos exposed to 1,060 ToxCast™ chemicals 
revealed that the chemicals changed the behaviour of the early embryos, demonstrating 
developmental abnormalities in 5-day-old larvae (Reif et al., 2016). Behavioural alterations in 
zebrafish have been observed in the presence of toxic compounds and explained by 
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concentration changes in the neurotransmitter AChE. Adult zebrafish’ swimming performance 
changed after exposure to endosulfan, which was explained by a reduction in brain AChE 
activity leading to impairment of the animals’ exploratory capabilities (V. M. Pereira et al., 
2012). The correlation between AChE and behaviour changes of larval zebrafish exposed to 
chlorpyrifos (CPF), diazinon (DZN), and parathion (PA) was explained by Yen et al. (2011); 
they used an experiment that showed that the inhibition of AChE activity led to a decrease in 
locomotor activity in CPF- and DZN-exposed organisms by 35% and 50%, respectively (Yen, 
Donerly, Levin, & Linney, 2011). 
Pyriproxyfen toxicity studies using zebrafish embryos were conducted by Maharajan et al. 
(2018) using a battery of biomarker studies. After exposing the embryos to a toxic compound, 
the researchers reported developmental abnormalities (PO, yolk sac oedema, hyperaemia, and 
spinal deformity), oxidative stress markers (ROS, lipid peroxidation products (LPOs), GSH, 
SOD, catalase, GST, and LDH), AChE in neurotoxicity, and apoptotic assays (comet assay, 
AO staining, and histopathological analysis). The results showed severe developmental 
deformities, elevated levels of oxidative stress markers (revealing the induction of high levels 
of oxidative stress), decreased AChE levels (indicating neurotoxicity), DNA damage, and 
apoptosis in the pyriproxyfen-exposed embryos compared with control organisms. Based on 
the results, it was apparent that the oxidative stress and AChE alterations caused by 
pyriproxyfen toxicity led to DNA damage and apoptosis neurotoxicity (Maharajan, 
Muthulakshmi, Nataraj, Ramesh, & Kadirvelu, 2018). 
As discussed in detail in earlier chapters, zebrafish have been used in multiple research projects 
for identifying the neurotoxicity of polymers, polymer additives, as well as some polymer 
leachates extracted from finished products that use multiple polymers. Neurotoxicological data 
have been published on polymers, additives, and leachates such as BPA (Q. Chen et al., 2017; 
Y. Zhou et al., 2017), BPS (Gu et al., 2019; Wenmin Liu et al., 2018), phthalates (Xu, Shao, 
Zhang, Zou, Wu, et al., 2013), benzotriazole ultraviolet stabilisers (Liang et al., 2019), 
leachates obtained from disposable plastic syringes (T. W. Lee et al., 2015), and syringe filters 
and leachates obtained using multiple polymer products made of FDM, SLA, and MJM 
additive manufacturing systems (Feng Zhu, Joanna Skommer, Timo Friedrich, et al., 2015). 
1.6.2.1. Development of zebrafish’ central nervous system (CNS) 
Proper understanding of zebrafish’ CNS development and its relationship with embryo 
behaviour is essential when using them as proxy model for neurobehavioural and 
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neurodevelopmental toxicity testing. During last few decades, multiple research groups have 
worked on zebrafish embryo genesis related to nervous system development and behaviour 
(Brustein et al., 2003; Kimmel, Ballard, Kimmel, Ullmann, & Schilling, 1995; Saint-Amant & 
Drapeau, 2000). Embryo development is a complex mechanism with multiple steps, and what 
follows is a brief description of its main attributes as related to nervous system development 
and behaviour (Kimmel et al., 1995). 
Newly fertilised zebrafish embryos (zygote period) start cleavage within 40 min and cells 
continue to multiply during the cleavage period through the blastula period of the embryos. At 
the end of the blastula period that lasts 5 h 15 min, embryo development enters the gastrula 
period that lasts to 10 hpf. During this stage, at 9 h, a 90%-epiboly stage neural plate is formed 
by dorsal epiblast thickening, the perichodial plate starts extending, the earliest postmitotic 
cells develops into the notochord, and specific neurons in the hindbrain immerge. When the 
embryo reaches the 10 h bud stage, the neural plate is thickened along the dorsal side 
throughout the embryo, the animal pole of the neural plate is thickened towards the head region, 
and the posterior region is responsible for developing the trunk spinal cord (Kimmel et al., 
1995).  
After 10 h, the developing embryo reaches the segmentation period that lasts until 24 hpf. 
During this stage, somites start appearing in the trunk towards the tail and cells start to 
differentiate morphologically. When the embryo reaches the fifth somite stage, the optic 
primordium is distinguished, and in the eighth somatic stage, migration of cephalic neural crest 
cells occurs and early stages of the pronephros are developed. In the tenth somatic stage, the 
neural keel is formed on the anterior side of the trunk. During the 14th to 20th somatic stage the 
neural keel develops into the neural rod, the ventral part of the neural keel develops into the 
notochord, and the brain differentiates into four parts: the hindbrain, midbrain, telencephalon, 
and diencephalon. After 19 h, from the 20th to 26th somatic stage, the neural rod is almost 
completed in converting to the neural tube and Rohon–Beard neurons, trigeminal ganglion 
neurons, and spinal primary motoneurons have developing axons. This development of neurons 
marks the first movements in the embryo. Development of primary motor-neurons and their 
axon growth result in trunk myotomes producing week muscular contractions that start around 
17–19 hpf embryos. These initial contractions become more frequent, sturdier, and 
synchronised with increasing time. Dechorionated embryos display initial touch-evoked 
response in 21 hpf embryos (Kimmel et al., 1995; Saint-Amant & Drapeau, 2000; Saint‐Amant 
& Drapeau, 1998). 
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Around the 26th somatic stage leading to the pharyngula period that starts after 24 hours, 
spontaneous myotomal contractions develop into much more coordinated side-to-side lashing 
movements. This improves through the early pharyngula period (prime-5 stage) consisting of 
trunk and tail movements that give rise to rapid burst moments (Grunwald et al., 1988). In the 
meantime, sensory-motor reflexive circuits are developed and become functional, resulting in 
early touch-evoked responses, but cannot be observed clearly due to the overpowering of 
spontaneous burst movements. Reaching towards the prime-15 stage around 30 hpf, the 
spontaneous contraction frequency decreases, and touch-evoked robust reflexive movements 
are more apparent starting from the prime-10 stage 27 hpf embryos. After 36 hpf, embryos’ 
spontaneous lashing movements are almost diminished, but touch-evoked movements progress 
to a level that the embryos are capable of displacing themselves due to the rapid movement. At 
the end of the pharyngula period (42–48 h) embryos start to hatch, and the hatching period lasts 
from 48 to 72 hours. During this time, initial dechorionated embryos lie at the bottom of the 
container to their side with the yolk sac facing up. Touch-evoked movements are more vigorous 
and capable of thrusting the embryos over a few body lengths. Once the touch-evoked 
swimming episode ends the embryos rest again with dorsal side up. Embryos in the early larval 
stage start actively swimming and are capable of moving their eyes, jaws, opercular flaps, and 
pectoral fins (Kimmel et al., 1995; Saint‐Amant & Drapeau, 1998). 
By contrast, zebrafish embryos develop preliminary motor behaviours in the late segmentation 
stage that occurs around 17–19 hpf and lasts through the early pharyngula stage at 27–29 hpf, 
which is a nonvisual sensory behavioural response (Kokel et al., 2010; Kokel et al., 2013; Saint‐
Amant & Drapeau, 1998). Touch-evoked responses initiate around 21 hpf embryos but touch-
evoked early swimming develops around 26 hpf, and the embryos start hatching around 48 
through to 72 hours. Initial visual behaviours of the zebrafish embryos are instigated at 60 hpf, 
optokinetic reflex is activated after 68 hours, and visual striatal responses can be observed 
beyond 79 hours (Kimmel et al., 1995; Kokel et al., 2010; Saint‐Amant & Drapeau, 1998).  
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Figure 1.11 Central nerve system development during the zebrafish embryo genesis, A) 90% epiboly stage- neural 
plate is formed, B) Bud stage- neural plate is thickened along the dorsal side throughout the embryo, C) Five 
somite stage- primordium is distinguished, D)Forteen somite stage- neural keel develops into the neural rod, the 
ventral part of the neural keel develops into the notochord, and the brain differentiates into four parts,  E) Twenty 
somite stage- the neural rod is almost completed in converting to the neural tube and Rohon–Beard neurons, 
trigeminal ganglion neurons, and spinal primary motoneurons have developing axons. Primary motor-neurons 
develops giving rise to first movement of week muscular contractions, F) Twenty five somite stage-initial 
contractions become more frequent and dechorionated embryos display initial touch-evoked response, G)Prime-
5 stage- coordinated side-to-side lashing movements improves developing rapid burst moments. Sensory-motor 
reflexive circuits are developed and become functional, resulting in early touch-evoked responses, H) Prime-10 
stage- the spontaneous contraction frequency decreases, and touch-evoked robust reflexive movements are more 
apparent. Modified from Kimmel et al., (1995) 
 
1.6.2.2. Biological markers of neurotoxicity 
 
1.6.2.2.1. Acetylcholinesterase (AChE) assay 
The AChE assay is a commonly used biological assay to identify and quantify the presence of 
neurotoxic compounds, as well as to analyse and explain the effects of these compounds in 
specific organs and at the whole organism level (Gu et al., 2019; Liang et al., 2019; Maharajan 
et al., 2018). The AChE assay has been used to analyse the activity changes of the 
neurotransmitter acetylcholine (ACh) (Maharajan et al., 2018; Yen et al., 2011). AChE is an 
enzyme that functions with ACh in the neuromuscular synapsis of the nervous system in 
transmitting nerve signals (Quinn, 1987). Acetylcholine is produced in motoneurons and their 
axons by combining choline and acetyl coenzyme-A by choline acetyltransferase (ChAT) 
(Hubbard, 1974; Whittaker, 1990). This enzyme (AChE) activity inhibits the ACh from binding 
to the ACh neurone receptor by hydrolysing ACh into choline and acetyl coenzyme-A, 
inhibiting neurotransmission (see Figure 1.122)(Quinn, 1987). Alteration of the natural levels 
of AChE production and activity in the neuromuscular synapses can result in modifying the 
natural nerve system responses, which can eventually lead to behavioural changes in an 
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organism. Studies have illustrated the relationship between alterations observed in AChE 
concentrations and behavioural changes in organisms, as well as the link between apoptosis 
and AChE (Kais, Stengel, Batel, & Braunbeck, 2015; Maharajan et al., 2018; V. M. Pereira et 
al., 2012).  
 
Figure 1.12. AChE activity on neurotransmitter ACh during the neurotransmission process. 
The AChE assay has been used in numerous research projects by scientists for identifying and 
understanding the neurotoxicity of zebrafish using various chemical products. Industrial 
pesticides such as chlorpyrifos diazinon, parathion (Tilton, Bammler, & Gallagher, 2011; Yen 
et al., 2011), and Pyriproxyfen (Maharajan et al., 2018), and metallic compounds such as 
copper chloride, cadmium acetate, lead acetate, mercury chloride, and zinc chloride are known 
to alter AChE activity, representing neural toxicity (Richetti et al., 2011; Tilton et al., 2011). 
Furthermore, toxic polymers such as BPA (Q. Chen et al., 2017; Y. Zhou et al., 2017) and BPS 
(Gu et al., 2019; Wenmin Liu et al., 2018); organophosphate flame retardants such as ri-n-butyl 
phosphate, tris (2-butoxyethyl) phosphate, and tris (2-chloroethyl) phosphate (L. Sun, Tan, et 
al., 2016), plasticisers such as DBP and diethyl phthalate (Xu, Shao, Zhang, Zou, Chen, et al., 
2013); and benzotriazole ultraviolet stabilisers (Liang et al., 2019)() were found to modify the 
AChE activity in test subjects, demonstrating their neurotoxic activity. 
1.6.2.2.2. Genetic markers in neurotoxicity. 
Throughout the years, several researchers have used multiple genes related to neurotoxicity to 
identify the presence and effects of compounds that are potential neurotoxins. Yang Fan et al. 
studied multiple genes to be used as markers for their developmental neurotoxicity. Among the 
tested genes, during a developmental period of 6 days, they found that nestin and sonic 
hedgehog a (shha) to exhibit steady decreases in activity, synapsinII a (syn2a) and myelin basic 
protein (mbp) to have steady increases ,while gap43, elavl3, nkx2.2a, neurogenin1 (ngn1), α1-
tubulin, and glial fibrillary acidic protein (gfap) showed initial increases followed by decreased 
activity. When the researchers tested the gene expression after exposure to ethanol for 24 h of 
3- and 6-day-old embryos, they found that in the 6-day samples, the genes gfap and nestin were 
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increased, and in the 3-day samples they found gfap, nestin, ngn1, nkx2.2a, and α1-tubulin 
genes to have increased RNA levels (Fan, Cowden, Simmons, Padilla, & Ramabhadran, 2010).  
To analyse BPS’ toxicity, a group of researchers analysed the activity among six 
neurodevelopmental genes, α1-tubulin, elavl3, gap43, mbp, syn2a, and gfap; after exposure to 
BPS, they found all genes to be downregulated (Gu et al., 2019), indicating the neurotoxicity 
of BPS. Another research group tested the neurotoxicity of long-term exposure to BPS by 
examining the photoreceptor opsin genes zfgr1, zfblue, zfuv, zfred, and zfrho in zebrafish. After 
the exposure, they observed significant increases in three genes (zfred, zfgr1, and zfrho) and 
they correlated with the reduced optomotor response, revealing the neurotoxicity of long-term 
BPS exposure (Wenmin Liu et al., 2018).  
The neurotoxicity of CPF TNDP, TBOEP, and TCEP were tested to understand the toxicity 
profile of some organophosphate flame retardants. Eight genes related to the nervous system 
were analysed after exposure: ache, elavl3, gap43, gfap, mbp, shha, syn2a and α1-tubulin. The 
results revealed that for TBOEP, all genes were downregulated, whereas for CPF, mbp, gfap, 
and elavl3 were downregulated and only gap43 c was upregulated. Results for TCEP showed 
downregulation of mbp, shha, and syn2a, and those for TNBP showed that only elavl3 was 
upregulated while gap43, α1-tubulin, shha, syn2a, and gfap gene transcription were 
upregulated, proving the neurotoxicity of the tested organophosphate flame retardants (L. Sun, 
Xu, et al., 2016). 
Phthalate neurotoxicity was tested with DBP and diethyl phthalate using multiple neuron 
growth-related gene regulation and AchE activity. Analysing the test subjects after exposure to 
both phthalates and a mixture of test toxicants revealed significant upregulation of growth 
associated protein 43 (gap43), embryonic lethal abnormal vision-like 3 (elavl3), glial 
fibrillary acidic protein (gfap), myelin basic protein (mbp), α1-tubulin, and 
neurogenin1(ngn1) gene transcription; these results coupled with the inhibition of AChE 
activity established the neurotoxicity of the tested phthalate compounds (Xu, Shao, Zhang, 
Zou, Chen, et al., 2013). These researchers confirmed the importance of studding the genetic 
markers related to neurotoxicity for further investigating the influence of neurotoxic 
chemicals. 
1.6.2.2.3. Transgenic organisms in neurotoxicity testing 
Transgenic organisms created with the increasing knowledge in genetic molecular biology and 
technology have enabled these genetically modified organisms to be used to identify the 
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neurotoxicity and developmental neurotoxicity of industrial chemical and environmental 
pollutants. Continuous observation of the development of vertebrate embryonic vasculature 
was conducted using a transgenic zebrafish line with a fil1 promoter that expressed enhanced 
GFP throughout the blood vessels during embryo genesis. In this experiment, the researchers 
demonstrated this method to be capable of providing detailed information about blood vascular 
system development as well as the defects that could occur during development caused by 
external factors, such as the zebrafish genetic mutations, which could lead to identifying the 
factors that affect the vascular development of zebrafish (Lawson & Weinstein, 2002).  
Another group of researchers worked on developing a transgenic zebrafish line that contained 
a tissue-specific promoter enhancer to develop a reporter gene specific to a known tissue that 
can be reliably expressed. They initially isolated zebrafish muscle-specification (α-actin) 
promoter and developed the transgenic fish with a GFP reporter gene to be driven by the 
promoter. This development led to achieving a transgenic fish line that expressed the GFP 
indicator in the muscle cells specifically. This fish line could be used to understand the 
muscular development abnormalities of the organism (Higashijima, Okamoto, Ueno, Hotta, & 
Eguchi, 1997). Another research group published work on multiple transgenic zebrafish lines 
(Tg(LCRRH2-RH2-1:GFP)pt112 and Tg(LCRRH2-RH2-2:GFP)pt115) and showed that they 
exhibited GFP expression on some photoreceptors and pineal glands; furthermore, they 
discovered that hatching glands expressed GFP on Tg(LCRRH2-RH2-2:GFP)pt115, the entire 
adult retina expressed GFP in both fish lines, and some of the fish lines expressed GFP in 
olfactory bulbs and optic tecta. The importance of this study was that identifying these specific 
expressions of GFP in transgenic fish lines can be useful in studying the nature, development, 
and deformities of specific organs and factors that could lead to unfavourable conditions (Fang 
et al., 2013). These transgenic fish lines can be used for identifying developmental 
abnormalities related to the toxicity of neurotoxin compound exposure. 
In 2009, Yutaka Haga and his research team worked on the characterisation of vertebral 
segmentation of live animals using zebrafish as model organisms, which had notochord-
specific GFP expression with tiggy-winkle hedgehog (twhh): gfp and sonic hedgehog (shh): 
gfp transgenic zebrafish models. In this experiment, these researchers demonstrated that 
notochord played a vital role in vertebral development using the twhh: gfp transgenic zebrafish 
(Haga, Dominique, & Du, 2009). Transgenic zebrafish ETvmat2:GFP consists of vesicular 
monoamine transporter 2 (vmat2) gene ladled with GFP, and could be used in identifying 
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monoaminergic neuron development during toxicant exposure (Wen et al., 2008). A transgenic 
zebrafish line was developed using ngn1 gene with GFP liable and was used to observe clear 
neurone growth along the neural tube (Blader, Plessy, & Strähle, 2003).  
Developing zebrafish neurone system nkx2.2a gene from the homeobox family plays a major 
role neuron development. In a transgenic fish line with nkx2.2a-GFP promoter gene, Paules et 
al. (2017) could visualise the GFP signal in both the brain and ventral spinal cord in 24 hpf 
embryos, and began to visualise development in 14 hpf embryos (Pauls, Zecchin, Tiso, 
Bortolussi, & Argenton, 2007). Zebrafish growth associated gap43 protein is highly expressed 
during axonal growth and development in developing zebrafish embryos. A gene responsible 
for gap43 protein gap43 was combined with GFP indicator and used in developing a transgenic 
fish line gap43 promoter-GFP, which is capable of developing axonal growth defects in the 
presence of neurotoxins (Udvadia, 2008). As in many mammals, zebrafish sonic hedgehog 
genes are responsible for multiple tasks including neurogenesis and categorising neurons in a 
concentration-dependent manner. A transgenic zebrafish line with GFP promoter in shha gene 
was capable of providing information on 11-hour embryos in the notochord, floor plate, and 
ventral forebrain while expanding throughout the developing nervous system in 48 hours 
(Ertzer et al., 2007). Moreover, a transgenic zebrafish line developed with gfap-GFP promoter 
was capable of providing information on astrocytes and radial glial cells in the CNS and brain 
astroglia cells. The GFP signals in gfap-GFP transgenic embryos were first observed in 12 hpf 
embryos and continuous increases in signal were observed up to the 96-hpf embryo stage 
(Bernardos & Raymond, 2006). Even though it is novel research, transgenic organisms have 
been a crucial addition to identifying the neurotoxicity of chemicals and developmental 
neurotoxicity. 
1.6.3. Chemobehavioural phenotyping as a new toolbox for neurotoxicity testing 
Behavioural endpoints are novel measurements in the context of aquatic toxicology and are at 
the research forefront; the ability to observe behavioural changes of organisms in low 
concentrations of current or potential pollutants makes these sublethal endpoints crucial for 
studying toxicant effects (Fuad et al., 2018). Chemical behavioural changes have been used in 
identifying the neurological effects that chemicals induced in test subjects, revealing the 
neurotoxic impact of test chemicals in the test organisms’ behaviour. These behavioural 
changes observed in the test subjects caused by neurotoxic compounds have been confirmed 
using other test methods such as alterations in neurotransmitter AChE activity, gene expression 
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changes of nervous system-related genes, and by observing and analysing developmental 
changes that occur related to neurotoxic phototyping (Fan et al., 2010; Liang et al., 2019; Xu, 
Shao, Zhang, Zou, Chen, et al., 2013). Neurotoxin-induced behavioural alterations or 
impairments can lead to diminished survival capability, reproduction capacity, and adaptability 
to the environment (Forum, 1998). Behavioural alterations caused by land animals being 
exposed to toxic compounds have been used to identify their effects on the ecosystem; a 
comparison study by Institóris et al. (2002) on the behavioural, immunological, and 
neurotoxicological alterations in animals is a strong example of a comparison study (Institóris, 
Papp, Siroki, & Banerjee, 2004).  
Aquatic behavioural study methods have been developed using many organisms, such as 
Gammarus pulex (a species of amphipod crustacean); for example, H. J. De Lange et al. 
conducted a behavioural study using low concentrations of pharmaceuticals (De Lange, 
Noordoven, Murk, Lürling, & Peeters, 2006), and research conducted by M. Berrill et al. (1998) 
highlighted the effects of endosulfine on the aquatic stages of Bufo americanus (American 
toad), Rana clamitans (green frog), and Rana sylvatica (wood frog) embryos and tadpoles, 
showing that sublethal endosulfine concentrations caused behavioural changes in these 
organisms (Berrill, Coulson, McGillivray, & Pauli, 1998). Invertebrate behavioural responses 
have also been observed to analyse toxicant effects on the environment; model organisms used 
in these studies included Daphnia magna (Untersteiner, Kahapka, & Kaiser, 2003), 
Allorchestes compressa (a species of amphipod), and Artemia franciscana (a species of brine 
shrimp), with researchers observing their swimming behaviour patterns in response to various 
toxicants. The swimming behaviour of zebrafish larvae has also been observed in response to 
various toxicant concentrations (Cartlidge, Nugegoda, & Wlodkowic, 2017; Y. Huang et al., 
2018; Y. Huang, Nigam, Campana, Nugegoda, & Wlodkowic, 2016). 
Even though these behavioural tests are commonly used, they typically observe the behaviour 
of adult organisms or larval stages; adults are more resistant to toxicants than are larvae, 
providing information on higher toxicant concentrations. In natural environmental conditions, 
early behavioural responses to toxicants can be more relevant in terms of their adverse effects 
on individual organisms, populations, and the ecosystem. For this reason, developing early 
behavioural response analysis techniques is vital and can be achieved using a fish embryo early 
behaviour detection platform. For instance, zebrafish embryos’ initial twitching movement 
begins in approximately 17 hpf embryos, and this movement correlates with the embryo 
hatching process (Behra et al., 2002). Zebrafish have been used as a proxy model for 
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behavioural analysis to explain and understand neurotoxic compounds, as discussed in 
subsection 1.6.2. A thorough understanding of the embryology, neurodevelopment, and natural 
behaviour pattern analysis of zebrafish have enabled researchers to understand the 
toxicological alterations in behavioural patterns. Zebrafish embryos initial spontaneous striatal 
response starts in 17 hpf embryos with weak muscular contractions and develops into touch-
evoked behaviour at 21 hpf, leading to nonvisual sensory behavioural response and early 
swimming behaviour at 26 to 29 hpf with visual behaviour in 60 hpf embryos (Kimmel et al., 
1995; Saint-Amant & Drapeau, 2000; Saint‐Amant & Drapeau, 1998). 
Developing a test method that can track behavioural changes in newly spawned embryos can 
provide vital information on the impact of low toxicant concentrations on the environment. 
Research conducted by Zhu et al. in 2018 explained the neurodevelopmental toxicity of 
TBBPA, proving the neurotoxicity of the test compound through its downregulation of 
zebrafish genes related to the CNS. This CNS gene downregulation resembles the observed 
levels of average swimming speed and locomotor activity decreases of toxicant-exposed larvae, 
confirming the observable effects of neurotoxicants in the behaviour patterns (B. Zhu et al., 
2018). Furthermore, embryos exposed to BPS were tested for neurobehavioural toxicity and 
shown decreased locomotor behaviour, and six neurodevelopment-related genes were 
downregulated, endorsing this behaviour as a parameter for the neurotoxicity of chemicals (Gu 
et al., 2019). In research by Raftery et al. (2014), the spontaneous activity of 24 hpf embryos 
was observed to develop a neurotoxicity detection behavioural assay (Raftery, Isales, Yozzo, 
& Volz, 2014). Although on multiple occasions plastic additive exposure has shown 
behavioural alterations that is contributed to by the neurotoxicity of the test compounds (Q. 
Chen et al., 2017; Gu et al., 2019; Wenmin Liu et al., 2018; G. Sun & Liu, 2017), 3D printing 
polymers and polymer additives’ role in neurotoxicity related to behavioural alterations are in 
their infancy and must be further studied.  
1.6.3.1. High-throughput chemobehavioural screening 
With the successful implementation of behavioural alterations in neurotoxicological 
assessments, an existing requirement is to develop high-throughput screening techniques to 
assess the neurotoxicity of chemicals because of rapid increases in global chemical production 
and the need for novel drug development. The development of novel techniques for 
chemobehavioural screening of chemicals was only considered recently and is still in the early 
developmental stages (Jason Henry & Wlodkowic, 2019). Research Kokel et al. (2010, 2011) 
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used the photomotor response of embryos to develop a high-throughput screening technique 
for zebrafish embryos; the researchers used a library of 14,000 industrial and natural small 
molecule chemicals for the screening and found similar behavioural patterns that could be 
clustered together according to the neuroactivity of the chemicals (Kokel et al., 2010; Kokel & 
Peterson, 2011).  
Bruni et al. used zebrafish embryos to develop a range of behavioural parameters that could be 
used in chemobehavioural screening. They used visual and acoustic stimuli themselves and in 
combination to develop 10 behavioural parameters that could be used as behavioural assays. 
They used violet (405 nm), red (600 nm), and blue light (420 nm) as visual stimuli, as well as 
high-intensity (70 dB) and low-intensity (60 dB) sound as acoustic stimuli; subsequently, they 
used these parameters to screen a chemical library of 24,760 chemicals, categorising them and 
developing a chemobehavioural phenotypic database named PhenoBlast (Bruni, Lakhani, & 
Kokel, 2014; Bruni et al., 2016). 
Experiments conducted by Vliet et al. (2017) used 1,280 pharmacologically active compounds 
from LOPAC’s 1280-chemical library to determine the impact of the chemicals on the 
aforementioned early embryo response; even though they could not deduce or distinguish 
between the mode of action on chemicals, they could swiftly identify the effective neuroactive 
compounds (Vliet, Ho, & Volz, 2017).  
In 2014, a group of researchers used 15 of the most potent chemicals from the US EPA’s 
ToxCast Phase I chemical library using early zebrafish embryo motor response for behavioural 
screening. They developed a high-content screening protocol for acquiring spontaneous 
activity on a 384 well plate-based technique on 25 hpf chemical-exposed embryos, acquiring 
dose-dependent behavioural alterations (Raftery et al., 2014).  
Zebrafish larvae behaviours have been used in industrial behavioural data acquisition 
equipment ZebraBox (ViewPoint Inc. Lyon, France) and ZebraView (Noldus Inc), which are 
capable of using multiple parameters to analyse behavioural alterations that occur in the 
presence of chemicals, such as total distance moved, acceleration, and photomotor response. 
Multiple studies have been conducted on behavioural alterations of zebrafish larvae using 
ZebraBox in the presence of various chemicals (He et al., 2011; van Woudenberg et al., 2014; 
van Woudenberg et al., 2013). Even though these high-throughput behavioural assays are 
capable of analysing a range of behavioural patterns and multiple chemicals, assays must still 
be further developed to achieve faster and more accurate, reliable, and reproducible data.  
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1.6.3.2. Embryo spontaneous activity (ESA) assay 
The primary behaviours of zebrafish embryos are demonstrated as early as 17 hpf embryos 
during the late segmentation period of embryo development. These are the spontaneous tail 
contractions that occur because of the development of primary motor neuron and axon 
progression, which gives rise to week muscular contractions produced by trunk myotomes. 
These spontaneous tail contractions produce side-to-side lashing movements in the 26th somite 
stage, the frequency of which increases progressively until the embryos reach the 24 hpf prime-
5 stage, and then start to reduce in frequency to fewer than 1 per minute when the embryo 
reaches the 36 hpf prime-25 stage (Kimmel et al., 1995; Kokel et al., 2010; Kokel & Peterson, 
2011; Saint‐Amant & Drapeau, 1998). The ESA assay was developed using this initial 
behavioural parameter to determine the effect of the chemicals on the early stages of embryo 
development (Raftery et al., 2014). 
ESA was used in research by Raftery et al. on developing and standardising the assay. Fertilised 
chorionated embryos were exposed to test chemicals at 5 hpf and incubated at 28℃ until 24 
hpf embryos were obtained; they were acclimated to 25℃ for 1 hour and the spontaneous 
activities of the 25 hpf embryos were recorded. Researchers initially identified the baseline of 
the striatal response of embryos on control plates without toxicants using 192 embryos. Second, 
they established the reproducibility of the behavioural response, and spontaneous activity 
alterations of multiple paraoxon concentrations were observed; furthermore, two 
concentrations were used to observe the reproducibility of behavioural patterns. Once the 
reproducibility of the assay was achieved, 15 chemicals from the chemical library of ToxCast 
phase-I were used to successfully identify the behavioural alterations with ESA (Raftery et al., 
2014).  
 
Figure 1.13 Step by step work flow of the ESA assay illustrating the principal components of the behavioural 
analysis. 
1.6.3.3. Embryo photomotor response (EPR) assay 
Zebrafish embryos’ earliest behaviour is identified as spontaneous activity starting from 17 
hpf; when the embryos reach 30 hpf, intense photic stimuli are capable of inducing basal robust 
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motor responses that are reproducible up to the 40 hpf stage of embryo development (Kokel et 
al., 2010; Kokel et al., 2013). This motor response to photic stimuli was used to develop the 
EPR assay. During this light stimulation, Kokel et al. identified four stages in the response, 
namely the prestimulus background phase, latency phase, excitation phase, and refractory 
phase. In the initial prestimulus background phase, embryos were mostly nonresponsive with 
natural basal spontaneous movement, and when the light stimulus was applied, large bursts of 
movement were seen. During this stimulation, 1–2 second low-activity latency periods could 
be observed, followed by an excitation phase with vigorous motor movements for 5–7 seconds. 
After the excitation phase, the refractory phase was initiated, in which the embryo did not 
demonstrate any motor activity and to respond to another light stimulus for approximately 10 
seconds. Changes in this motor activity in the presence of chemical exposure was used to 
develop the EPR assay (Kokel et al., 2010). 
 
Figure 1.14. EPR plot indicating the four stages of EPR response, namely the prestimulus background phase, 
latency phase, excitation phase, and refractory phase,( reprinted with permission from Springer Nature) (Kokel et 
al., 2010). 
Kokel et al. demonstrated the early embryo motor behavioural response in the presence of light 
stimuli using their EPR assay, using over 14,000 chemicals for identifying behavioural 
alterations in photomotor activity in zebrafish embryos, and managing to cluster them into 
similar behavioural patterns (Kokel et al., 2010; Kokel et al., 2013). Troung et al. used the EPR 
assay for demonstrating the neurotoxicity of pyriproxyfen on early zebrafish embryo 
development (Truong, Gonnerman, Simonich, & Tanguay, 2016). The toxicity of ambient 
particulate matter was tested by Roper et al. in 2018, who also used the EPR assay for 
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determining the neurotoxicity of test chemicals (Roper, Simonich, & Tanguay, 2018). Zhang 
et al. used the EPR assay to describe the importance of high-throughput behavioural screening 
by analysing 1,060 unique chemicals among the 1,078 from the EPA ToxCast Phase-I and 
Phase-II chemical library. Using developmental endpoints combined with behavioural data and 
analysing them using appropriate statistical data analysis, the researchers proved the 
importance of high-throughput behavioural screening in hypothesising the mechanistic 
pathways of a toxicant’s effect on exposure (Zhang, Truong, Tanguay, & Reif, 2017). 
1.6.3.4. Embryo touch response (ETR) assay 
In zebrafish embryos, touch-evoked response initiates at 21 hpf, which are 2–3 rapid tail coiling 
reactions that can be seen separately from spontaneous embryo movements because of the 
robustness of the movement. However, up to 24 hpf embryos in the late prime-5 stage, these 
movements are harder to observe due to rapid spontaneous embryo movement; after 27 hours 
to approximately 36 hpf, the spontaneous movement becomes progressively diminished and a 
much sturdier and robust touch-evoked coiling response can be observed (Kimmel et al., 1995; 
McKeown, Downes, & Hutson, 2009; Saint‐Amant & Drapeau, 1998). Touch-evoked response 
is conducted by stimulating both trigeminal and Rohon–Beard neurons; trigeminal neuron 
activation responds with rapid movement and swimming behaviour triggered by head or yolk 
sack stimulation, and Rohon–Beard neurons are activated by tail stimulation that leads to a 
forward movement (Drapeau et al., 2002). Research conducted by Pietri et al. in 2009 on 
zebrafish touch-evoked response explained that AMPA (α-amino3-hydroxy-5-methyl-4-
isoxazolepropionic acid)-type glutamate receptor activation triggers this behavioural 
movement. ETR is progressed by the AMPA-type glutamate stimulating embryo rostral loop 
through a contralateral motor network consisting of interneurons and sensory neurons (Pietri, 
Manalo, Ryan, Saint‐Amant, & Washbourne, 2009). Embryo behavioural analysis assay 
developed using the alterations displayed in the touch response of embryos upon exposure to 
external stimuli such as chemicals is identified as the zebrafish ETR assay. 
Researchers have used the ETR assay to analyse various chemicals for their neurotoxicity and 
observe the touch-evoked behavioural alterations caused by test chemical toxicity. Zebrafish 
embryo neurotoxicity of insecticides, such as dieldrin, which has toxicity at 20 µM; 
dichlorodiphenyltrichloroethane (DDT), which has toxicity at 100 µM in 48 hpf and 10 µM in 
96 hpf embryos (Ton et al., 2006); and fipronil (Stehr, Linbo, Incardona, & Scholz, 2006), 
which has toxicity at 1.1 µM observed in 48 hpf embryos using the ETR assay. The industrial 
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surfactant nonylphenol has shown redacted behavioural patterns in the touch-evoked responses 
of 48 hpf embryos exposed to 5 µM of the compound as tested using the ETR assay (Ton et 
al., 2006). Widely used food preservative sodium benzoate has toxicity at 100 ppm on zebrafish 
embryos, which was established by Tsay et al. using the ETR assay on 72 hpf embryos (Tsay, 
Wang, Chen, Huang, & Chen, 2007). Severe known toxic compound 2,3,7,8-
tetrachlorodibenzop-dioxin (TCDD) also showed decreased touch response in 48 hpf embryos 
exposed to 0.1 M in the ETR assay (Ton et al., 2006). According to the abovementioned 
research results, it is evident that the ETR assay is a valid behavioural analysis technique for 
understanding the neurobehavioural toxicity of chemical exposure in zebrafish embryos.   
1.6.3.5. Larval photomotor response (LPR) assay 
Zebrafish embryo hatching starts at 48 hpf and naturally completes before embryos reach the 
72 hpf stage. The LPR assay is commonly performed from on embryos from 96 to 120 hpf 
(Kokel et al., 2010). At this stage of larval development, the LPR assay is capable of assessing 
rapid nonassociative learning, extended associative learning behaviour, and higher amounts of 
sensorimotor responses continually during the test period. Light and dark stimuli capable of 
developing startled responses in zebrafish larvae were applied at this developmental stage with 
dissimilar frequencies specific to each stimulus; in the presence of light stimulation, embryo 
behaviour was observed to decrease compared with during the dark cycle (Bruni et al., 2014; 
Bruni et al., 2016; Bugel & Tanguay, 2018). Research has demonstrated alterations in larval 
photomotor response in larvae exposed to various test chemicals (Bruni et al., 2016; Zhang et 
al., 2017). Using the zebrafish larvae photomotor response, equipment capable of conducting 
fully automated industrial LPR assay, ZebraBox (ViewPoint Inc. Lyon, France), has been 
developed along with the compatible data acquisition and analysis computer software package 
ZebraView (Noldus Inc) and used in behavioural analysis (Roper et al., 2018; Truong et al., 
2016; van Woudenberg et al., 2014).  
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Figure 1.15. ZebraBox, commercially available zebrafish larvae LPR behaviour analysis equipment. 
ZebraBox has been used by multiple researchers for analysing the photomotor behavioural 
response of zebrafish larvae exposed to various chemicals. Hang et al. demonstrated decreased 
PMR activity of zebrafish larvae in the presence of DMSO, confirming the sublethal toxicity 
of the test chemical, which was commonly used as an aprotic organic solvent (Y. Huang et al., 
2018). The behavioural toxicity of zebrafish larvae in the presence of antiepileptic drugs 
valproic acid, carbamazepine, ethosuximide, and levetiracetam was examined by Woudenberg 
et al., and the results showed decreases in total distance moved in all larvae exposed to three 
compounds (valproic acid, levetiracetam, and carbamazepine), whereas the ethosuximide-
exposed larvae displayed a biphasic response (van Woudenberg et al., 2014). Another study by 
Woudenberg et al. on the organotin compounds monomethyltin trichloride (MMTC), 
dimethyltin dichloride (DMTC), monobutyltin trichloride (MBTC), and dibutyltin dichloride 
(DBTC), demonstrated altered PMR activity of embryos in the presence of the toxicants (van 
Woudenberg et al., 2013). The chronic toxicity of decabromodiphenyl ether (BDE-209) was 
tested by He et al., and the results revealed that chronic exposure of BDE-209 can cause altered 
PMR activity in zebrafish larvae. Exposed organisms showed increased speed in the presence 
of light stimuli, but decreased speed in dark cycles (He et al., 2011). The photomotor behaviour 
of zebrafish larvae in the presence of USEPA registered pesticide pyriproxyfen showed altered 
LPR activity at the highest concentrations, which was attributed to malformations of the larvae 
from pyriproxyfen toxicity (Truong et al., 2016). Multiple research projects conducted using 
LPR assays with peer reviewed and published results have confirmed this to be a valid and 
crucial parameter for use as a neurobehavioural analytical tool. 
72 
 
1.6.3.6. Current limitations in high-throughput chemobehavioural 
phenotyping 
Most of the existing chemobehavioural phenotyping methods described above are time-
consuming and labour-intensive, although new techniques developed using advanced 
technology combined with sublethal chemobehavioural parameters could address some of 
these issues. However, in all of these techniques, the bottlenecks are data acquisition, 
experiment maintenance, and data analysis. Laboratory automation can solve these issues, 
because experimental procedures can be improved by increasing experimental throughput and 
accuracy, as well as minimising labour intensity and human error. Furthermore, this can reduce 
the need for manual analysis; instead, powerful computers and software can take over data 
analysis and produce fast results (Jason Henry & Wlodkowic, 2019). 
Automation is being used in aquatic toxicology experiments at different levels because of the 
cost or lack of technology; most tests are semiautomated because protocols that have been fully 
automated and are commercially available are typically expensive. No LOC devices developed 
by Zhu et al. (K. I. K. Wang et al., 2013; Feng Zhu, 2016; Feng Zhu, Akagi, et al., 2013; F. 
Zhu et al., 2014; Feng Zhu, Joanna Skommer, Niall P Macdonald, et al., 2015), Huang et al. 
(Y. Huang et al., 2016), and Cartlidge et al. (Cartlidge et al., 2017; Cartlidge & Wlodkowic, 
2018) can be utilised with high efficiency without some level of automation. For instance, to 
capture organism behavioural patterns inside the chip-based devices developed by Huang et 
al., the FET and iFET devices developed by Zhu et al., or the devices developed by Cartlidge 
et al., to be used at their optimal capacities, automated video acquisition or photo capture is 
required. Without this type of automation, the accuracy of these experiments comes into 
question; moreover, the experiments would be highly time-consuming and labour-intensive, 
and thus automated data acquisition and perfusion systems are incorporated into the protocols.  
Vliet et al. used time-lapse image acquisition systems and acquired 0.3-second images for 18 
seconds to capture four wells at a time. Total image acquisition took approximately 30 minutes, 
leaving a 30-minute time difference between the first and last image. This did not lead to 
identical conditions and exposure times on embryos across the plate (Vliet et al., 2017). Raftery 
et al. initially used 384-well plates, acquired 6-second images per well, and identified that due 
to time constraints they could not use the full plate per experiment, and the time difference was 
too great from the first embryo to the last on the plate, which resulted in variations in the 
spontaneous reaction of embryos. Even when control groups were added to each end of the 
plate to account for the variability, and with only 6 seconds of imaging time per embryo, image 
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acquisition took approximately 1.4 hours per plate (Raftery et al., 2014). In both of the above 
examples, it is evident that toxicant exposure times across the plate on embryos were not 
identical; therefore, imaging time was reduced, which could be a problem if proper 
representation of behavioural change occurs due to the toxicant/external chemical impact. 
To aid in the development of behaviour parameters for aquatic organisms, which are affected 
by individual organism behaviour and population dynamics as a result of anthropogenic effects, 
automated videography has helped to quantify and report these effects. This helps when 
analysing and comparing laboratory data with on-field data and delivers more environmentally 
relevant results. Developing automated behaviour acquisition and analysis protocols provides 
a great platform to examine long-term behavioural changes as well as natural inter-species 
interactions and behavioural responses to pollutants (Kane, Salierno, & Brewer, 2005). Charoy 
C.P et al. (1995) developed a protocol to analyse the swimming behaviour of Brachionus 
calyciflorus (rotifer) as a sublethal toxicology endpoint; behavioural changes were tracked by 
an automated tracking system and multiple parameters (swimming speed, sinuosity, and active 
time) were catalogued and analysed using different toxicants (Charoy, Janssen, Persoone, & 
Clément, 1995). Using an automated data acquisition system, Lopez-Roldan et al. (2012) 
observed the inhibition of Aliivibrio fischeri bioluminescence to determine the effective 
concentration—that which caused a 50% inhibition in fluorescence (EC50)—in the presence 
of chemicals, including commonly detected metals on the surface layer and in drinking water, 
pesticides, and pharmaceuticals. Performing this task required the research group to use 
s), a new, fully automated toxicant monitoring 
system. When the results obtained with the fully automated system were compared with a 
standard toxicology test that used 
results were found to be accurate, with the advantages of the new technology having rapidly 
reproducible results as well as the ease of controlling and conducting the experiment (Lopez-
Roldan et al., 2012). 
Using fish behaviour as an indicator, the U.S. Army Centre for Environmental Health Research 
has developed biological early warning systems (BEWSs), which are automated early warning 
systems used in groundwater treatment facilities (GWTFs). Combined with other parameters, 
water quality is monitored by comparing fish behaviour in control conditions to that of test 
organisms in holding facilities, to determine whether water in the GWTFs is purified before 
being discharged into river systems. The automated system is designed such that if the BEWS 
is offline, the treatment facility does not discharge water into the river (Van der Schalie, Shedd, 
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Knechtges, & Widder, 2001). High rates of global chemical production and increased 
accumulation of pollutants require environmental risk assessment protocols to be rapid, highly 
sensitive, and accurate. To meet these requirements, fully automated, high-throughput 
toxicology testing apparatuses incorporating more sensitive chemobehavioural parameters 
must be developed. 
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1.7. Thesis aims and objectives 
This research project was designed and performed to address three main research questions 
that important for the understanding of 3D printing polymer toxicity and high-throughput 
behavioural toxicological analysis. Main goals are to demonstrate the toxicity of 3D printing 
polymer, remediation of the 3D printing polymer leachate toxicity and develop semiautomated 
time-resolved video acquisition and analysis protocol for high-throughput data analysis based 
on zebrafish embryo early motor behaviour. 
The aims and objectives of the research project are as follows: 
I. Characterisation of 3D plastic additives toxicity using conventional ecotoxicological 
techniques. 
II. Chemical analysis of FORM1 3D printing polymer leachate. 
III. Exploration of developmental toxicity of 3D printed plastic additives. 
IV. Characterisation of neurobehavioural toxicity of 3D printed plastic additives 
V. Remediation of the toxicity of FORM1 polymer leachate. 
VI. Development of a proof-of-concept, time-lapse video acquisition and analysis system 
for high-throughput analysis of zebrafish embryo spontaneous activity. 
  
76 
 
Chapter 2. Methods and Materials. 
 
This chapter explains the chemicals and materials used in the research projects, including the 
culture media and reagents used in biological testing, and the resources and supplies used in 
3D fabrication techniques. This chapter also provides explanatory information concerning the 
common biological tests, animal culturing protocols, data acquisition, and analysis protocols 
used in the research. 
2.1. Chemicals used in toxicity tests 
Copper ii chloride dihydrate (CuCl2·2H2O), lead nitrate (PB(NO3)2), and cadmium nitrate 
tetrahydrate (Cd(NO3)2·4H2O) were purchased from Sigma-Aldrich, Australia, and the stock 
solutions were made by dissolving them in corresponding culture media in volumetric flasks 
for each biotest. To obtain the necessary concentrations for the toxicity tests, stock solutions 
were serially diluted.  
Dimethyl sulfoxide (DMSO), phenol, and nicotine were acquired from Sigma-Aldrich, 
Australia, and stock solutions were prepared by diluting the original chemicals in E3 zebrafish 
embryo medium. Serial dilution was used to obtain the concentration required for the 
experiments. 
Diazinon (C12H21N2O3PS) was purchased as industrial ‘Cooper’s Diazinon’ (Coopers Animal 
Health Intervet Australia Pty. Ltd.) containing 200g/L of the active component Diazinon. To 
obtain the stock solution, the industrial product was diluted in E3 zebrafish embryo medium, 
and working concentrations were obtained by serial dilution. 
2.2. Chemicals used in GC-MS analysis 
Biphenyl, dichloromethane (CH2Cl2), and 1-hydroxycyclohexyl phenyl ketone (1-
HCHPK) were procured from Sigma-Aldrich, Australia. HPLC-grade dimethyl sulfoxide 
(DMSO) was used as the solvent to prepare stock solutions of biphenyl and 1-HCHPK. Stock 
solutions were stored in dark at 4℃ and serial dilution was carried out using the same biological 
culture media as solvent to obtain working concentrations for each experiment. 
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2.3.  Biological culture media 
2.3.1. Microtox acute toxicity test. 
The bacterial culture used in this experiment was Aliivibrio fischeri. The culture medium for 
Aliivibrio fischeri was 2% NaCl. The Microtox experiment necessities required a culture 
medium and the reagents listed in Table 2.1 (Blaise & Férard, 2005). 
Table 2-1Requirements for the Microtox toxicity test. 
 Reagents Required Description 
01 Microtox reagent  Freeze-dried bacterium (-20°C) 
02 Microtox reconstitution solution Purified distilled water 
03 Microtox diluent 2% NaCl 
04 Microtox osmotic adjustment solution 22% NaCl 
 
2.3.2. Paramecium culture medium. 
The Paramecium culture medium stock solution was made using the items listed in Table 2.6 
plus sterilised tap water and stored at room temperature. To make the working solutions, sterile 
tap water was heated to 25°C, and the required amounts of Paramecium culture were added 
(Lewis & Collins, 2010). 
Table 2-2Requirements of the Paramecium culture medium. 
 Requirements Amount 
01 Saccharomyces cerevisiae (baker’s yeast) 0.24g/L 
02 Wheat seeds (boiled and surface sterilised) 6 seeds/L 
 
2.3.3. Rotifer culture medium. 
The rotifer culture medium stock solution was made using the chemical compounds listed in 
Table 2.2 and stored in a refrigerator at 4°C. In making working solutions, the refrigerated 
stock solution was heated to 20°C and diluted with Milli-Q water (Feng Zhu, 2016). 
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Table 2-3 Chemical compounds required for the rotifer culture medium. 
 Chemical Compounds Concentration (mg/L) 
01 MgSO4·7H2O 123 
02 CaSO4·2H2O 120 
03 NaHCO3 96 
04 KCl 4 
 
2.3.4. Daphnia culture medium. 
The Daphnia culture medium was made using the chemicals listed in Table 2.3. With the stated 
concentrations, a 100x stock medium was made and refrigerated at 4°C. To prepare the working 
solution, the refrigerated stock solution was heated to 20°C and mixed with appropriate 
volumes of Milli-Q water (Co-operation & Development, 2004). 
Table 2-4 Daphnia culture medium composition. 
 Chemical Compounds Concentration (mg/L) 
01 CaCl2·2H2O 294 
02 MgSO4·7H2O 123.25 
03 NaHCO3 67.75 
04 KCl 5.75 
2.3.5. Zebrafish embryo growth medium. 
The zebrafish embryo growth medium (E3 medium) 100x stock solution was prepared using 
the chemicals listed in Table 2.5 (except for methylene blue) and stored at room temperature. 
In making the working solution, the stock solution was diluted with Milli-Q water, and 0.004% 
v/v methylene blue was added (Y. Huang, 2017; OECD, 2013; Feng Zhu, 2016). 
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Table 2-5 E3 zebrafish embryo medium composition. 
 Chemical Compounds Concentration (mg/L) 
01 NaCl 292.5 
02 MgSO4 39.72 
03 CaCl2 36.62 
04 KCl 12.67 
05 Methylene blue (0.004% v/v) 
 
2.4.  Toxicological assays 
2.4.1. Microtox test (Aliivibrio fischeri). 
A modified version of the standard Microtox protocol was utilised for this experiment. The test 
organism Aliivibrio fischeri was obtained from the Microtox® Acute Reagent (J W Industrial 
Instruments Pty Ltd, New South Wales, Australia) biological test kit and stored at -20°C. One 
hour before the test began, the Microtox 500 analyser was switched on, allowing it to reach 
present temperatures indicated by the automatic switching off of the temperature warning 
indicator light. Thirty minutes prior to commencing the experiment, test cultures were 
transferred to the 4°C refrigerator. 1 mL of reconstitution solution was pipetted into the 
precooling cuvette well and allowed to stand for 15 minutes for temperature stabilisation. 1 mL 
of temperature-stabilised reconstitution solution was poured into the culture vial and mixed 
carefully by inverting to avoid any damage during the rehydration of the culture. The culture 
mixed with reconstitution solution was transferred to the cuvette in the precooling well and 
allowed to stabilise for 15 minutes. 
Clean cuvettes were in wells A1 to F5 of the analyser, and 0.5mL of the diluent was added to 
the cuvettes in wells B1 to B5, C1 to C5, E1 to E5, and F1 to F5. 20 µL of the culture medium 
suspended in reconstitution solution was added to the cuvettes in wells B1 to B5, C1 to C5, E1 
to E5, and F1 to F5, and mixed gently. In pipetting the bacterial culture, caution was taken not 
to pipette from the bottom of the well to avoid concentration changes. 2.5 mL of the samples 
were added to the cuvettes in wells A1 to A5 and D1 to D5, and 250 mL of osmotic adjustment 
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solution was added to the same wells and mixed well. After reaching the required temperature, 
after 10 minutes the cuvette in B1 was moved to the reading well and calibrated using the SET 
button. At 30-second intervals, 500 µL from the samples were transferred to the test cuvettes 
in the sequence given below and mixed gently: 
A1 to B1 and C1, A2 to B2 and C2, A3 to B3 and C3, A4 to B4 and C4, A5 to B5 and C5, D1 
to E1 and F1, D2 to E2 and F2, D3 to E3 and F3, D4 to E4 and F4, and D5 to E5 and F5. 
Cuvettes were read 10 minutes after the start of the sample transfer. Cuvette readings were 
started from B1 and continued every 30 seconds in the same sequence given above. Readings 
were taken again 10 minutes after the completion of the first read cycle (Blaise & Férard, 2005). 
2.4.2. Paramecium toxicity test (Paramecium caudatum). 
The Paramecium toxicity test was conducted using Paramecium caudatum supplied by 
Southern Biological, Knoxfield, Victoria, Australia. Paramecium caudatum culture was 
transferred to a 500 mL container with sterile tap water at 25°C; for Paramecium to grow 
healthily and multiply, they require yeast as a food source. To get a healthy Paramecium 
culture, 0.12 g per 500 mL brewed yeast (Saccharomyces cerevisiae) was added to the culture 
medium. Six boiled wheat seeds were taken and sterilised with isopropanol alcohol and added 
to the container for the yeast to feed on. A large population of Paramecium caudatum were 
observed after four days.  
Five healthy Paramecium caudatum were transferred to each well of the 48-well microplate 
containing 600 µL of control medium and toxicant concentrations. Each concentration included 
six replicates and was incubated at 25°C for 24 hours. After incubation, the number of live 
Paramecium caudatum was counted under a stereomicroscope to obtain the mortality rate. For 
this experiment, a modified version of the standard Paramecium toxicity test protocol was 
adapted (Lewis & Collins, 2010). 
2.4.3. Rotifer toxicity test (Brachionus calyciflorus). 
A freshwater rotifer test was conducted using Brachionus calyciflorus obtained from the 
Rotoxkit-FTM (MicroBioTest Inc., Belgium) biological test kit, and a modified version of the 
standard rotifer toxicity test protocol (Brachionus calyciflorus ASTM Standard test-1991) was 
performed. The test kit consisted of vials containing dried rotifer cysts, which were refrigerated 
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at 4°C until needed to remain viable. Before conducting the test, rotifer cysts were introduced 
to a pre-aerated rotifer culture medium at 25°C in a Petri plate and incubated under the constant 
illumination of a 3,000 lux light emitting diode (LED) for 16 hours. Hatched neonates were 
transferred to a 36-well plate pre-test chamber provided by Toxkit and incubated until 
experiment initiation (18 hours after incubation started). Five neonates each were allocated 
using 2-20 µL micropipettes into test chambers containing 0.3 ml of control medium and 
relevant concentrations of each toxicant. Each concentration and control consisted of six 
replicates incubated at 25°C in darkness for 24 hours. After a 24-hour incubation period, 
organism motility was manually counted using a stereomicroscope (Nikon SMX18 
stereomicroscope, Nikon Corp., Tokyo, Japan) (Blaise & Férard, 2005; Feng Zhu, 2016). 
2.4.4. Daphnia toxicity test (Daphnia magna). 
For the Daphnia toxicity test, a modified version of the standard Daphnia toxicity test 
procedure was implemented. Freshwater crustacean Daphnia magna ephippia were obtained 
from the Daphtoxkit-F (MicroBioTests, Inc., Belgium) biotoxicity kit and stored at 4°C in 
darkness. At 80 hours before the toxicity test, the ephippia were washed with pre-aerated 
Daphnia culture medium to remove any storage medium, transferred to the culture medium in 
a Petri plate, and incubated at 25°C in the presence of 6,000 lux LED illumination for 78 hours. 
On incubation, Daphnia magna neonates were observed and were fed with a suspension of 
algae powder. Five hatched Daphnia neonates were transferred to the 30-well plates obtained 
from the Daphtoxkit-F biotoxicity kit. Each well consisted of 10 mL of control Daphnia culture 
media (without any toxicants) or the required toxicant concentrations, with six replicates each. 
Plates were incubated at 20°C in the dark for 48 hours. At 24-hour intervals, immobilisation of 
the Daphnia was manually observed under a stereomicroscope as the toxicological endpoint. 
Neonates unable to swim within 15 seconds were considered immobilised (Co-operation & 
Development, 2004). 
2.4.5. Zebrafish embryo toxicity test (Danio rerio).  
Zebrafish embryo culture tests were conducted under the approval of the Monash University 
Animal Ethics Committee. Adult zebrafish were kept in the Monash University Fishcore 
facility under 14-hour light and 10-hour dark cycles at a temperature of 27°C. Fish culture 
conditions such as pH, temperature, general hardness, nitrites, and nitrates in the aquariums 
were measured daily and maintained at optimal levels. Adult fish were fed twice a day, once 
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with dry food and once with live crustacean Artemia sp.; larvae and young fish were fed 
Paramecium and dry food twice a day. 
For breeding purposes, adult fish were paired female to male (1:1 ratio) and kept overnight in 
a small tank. Males and females were kept separated with a divider in the same tank; in the 
morning, the dividers were removed. Female fish laid eggs instantaneously, and after one hour 
of spawning, embryos were collected, washed with the E3 embryo medium, and incubated at 
28°C. After 5 hours of incubation, viable embryos were collected using a stereomicroscope, 
while unfertilised and unhealthy embryos were removed. 
The FET test was carried out using standard OECD 236 guidelines. Twenty-four-well 
microplates were used to carry out the tests; for each concentration, 20 embryos were added 
with one embryo per well in 2 mL of medium or toxicant and incubated for 96 hours at 28°C. 
Every 24 hours, the survival of embryos was observed using a stereomicroscope; survival of 
the embryos was detected using four lethal endpoints as parameters: coagulation of the embryo, 
non-detachment of the tail, lack of somite formation, and lack of a heartbeat. Lethality was 
recorded by observing one or more of the endpoints mentioned above. The data obtained was 
used to calculate LC50 values (Y. Huang, 2017; OECD, 2013; Feng Zhu, 2016). 
2.4.6. Embryo sublethal toxicity test (i-FET). 
Readings taken from the above FET test were used as a guide for the sublethal tests; the LC50 
value was utilised as a positive control, and sublethal effects were tested in lower 
concentrations of the toxicants. Nine characteristics were manually observed using a 
stereomicroscope to determine the sublethal effects on the embryos (Zhu et al., 2015): 
(i) Abnormal eye development;  
(ii) Oedema; 
(iii) Lack of pigmentation; 
(iv) Defective blood circulation;  
(v) Head abnormalities; 
(vi) Tail abnormalities; 
(vii) Heart abnormalities; 
(viii) Spine abnormalities; and 
(ix) Yolk abnormalities. 
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The iFET index was calculated using the following formula: 
 
iFET = (9 x ND) + NSL X 100% 
9 x N 
N = the total number of embryos, ND = the number of dead embryos (FET − mortality 
endpoints), and NSL = number of sublethal biomarkers recorded from all the embryos as per 
the scoring criteria in the previous tests (Y. Huang, 2017; Feng Zhu, 2016). 
2.5.  Biochemical assays 
2.5.1. Sample preparation for biochemical assays 
The sample preparation for biochemical assays for the wild-type zebrafish embryos (Danio 
rerio, Tübingen strain) being exposed to the test chemical are described below. 
Fifty viable 5-hpf zebrafish embryos were sorted and exposed to the treatments in Petri dishes 
and a control solution of the E3 embryo medium. All the treatments and controls were 
conducted in triplicates. Embryos were incubated at 28 ℃ for 48 hours in the dark. Post-treated 
embryos were washed twice with E3 media and transferred into 500 µl of pH 7 PBS containing 
an EDTA-free protease inhibitor cocktail (Sigmafast™, Sigma). The transferred embryos were 
snap-frozen on dry ice and stored at -80 ℃ while waiting for the experiments to be conducted.  
To conduct the experiments, the frozen embryos were thawed on ice and were manually 
crushed in PBS for 60 seconds to disrupt the cells using a micro tissue stick-homogeniser. 
Homogenised embryo aliquots were centrifuged at 5,000 rpm for 10 minutes at 4℃, and the 
supernatant was transferred for the analysis. All the assay results were normalised to the protein 
content of the relevant frozen sample obtained using the Bradford assay described in Section 
2.5.2. Assay results were obtained using a plate reader (POLARstar Omega, BMG LABTECH 
GmbH) unless otherwise specified in the protocol. 
2.5.2. Bradford protein assay 
The Bradford protein assay was developed to measure the concentration of the protein content 
in an unknown sample using Coomassie Brilliant Blue G-250 dye. The Coomassie Brilliant 
Blue G-250 dye is known to bind to proteins present in the sample and Coomassie Brilliant 
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Blue G-250 dye complex in the solution turns the reagent blue in colour. When the reagent 
turns blue upon binding to proteins, this blue colour could be estimated using an absorbance 
reading on 595 nm. No detergent was used in preparing the samples, because detergent is 
known to disrupt assay readings (Bradford, 1976; Bradford & Williams, 1977) 
When conducting the Bradford assay, bovine albumin serum (BSA) was used in known 
concentrations (0, 0.175, 0.35, 0.7, and 1.4 mg/mL) to obtain the standard curve. Samples and 
known BSA concentrations were added into a standard Costar® 96-well microplate (5 µL per 
well) in triplicates. 250 µL of Bradford reagent (Sigma) was added to each well and incubated 
on a shaking incubator at 30℃ for 30 minutes. The sample plate was measured for absorbance 
at 595 nm using a plate reader. The standard curve was made using the concentrations of BSA 
and its absorbance using Microsoft Excel 2016. Using this standard curve, concentration of 
protein corresponds to absorbance of the unknown samples were calculated. 
2.5.3. Superoxide dismutase assay (SOD) 
The total SOD presence in the exposed embryo samples was conducted using the technique 
described by Vazquez-Medina et al. (2011) in 5-ml microcuvettes (Abele, Vazquez-Medina, 
& Zenteno-Savin, 2011). Embryos exposed test solutions for 48 hours and homogenised 
samples prepared as per section 2.5.1 were used for the experiment. A working buffer was 
prepared immediately prior to the experiment using the components listed below. 
or 100 mL of working buffer, the following components were used: 
 50 ml KPi buffer, pH 7.8 
 100 ul of 100 mM EDTA 
 0.68 mg xanthine 
 12.3 mg cytochrome c 
Reagents were added to the test cuvettes in triplicates per sample as shown in Table 2-6.  
Table 2-6 Reagents in the experimental mixture for SOD calculation. 
Reagents Blank Cuvette Sample Cuvette 
Working buffer 500 µl 500 µl 
KPi buffer, pH 7.8 480 µl 470 µl 
Xanthine oxidase 0.3 U ml-1 20 µl 20 µl 
Sample - 10 µl 
Tests were conducted one cuvette at a time, and the absorbance of each sample was measured 
at 550 nm every 10 seconds for 5 minutes using the DR5000 Hach plate reader. The rate of the 
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reaction was calculated using the kinetic change in cytochrome c in the reaction mixture during 
the 5 minutes. Using the rate of the reaction, the SOD activity was calculated in SOD units per 
milligram of protein present in the sample. 
1 SOD unit of activity = amount of enzyme required to inhibit the blank reaction rate by 
50%.  
SOD unit = ((∆blank - ∆sample) / ∆blank) / 0.50 
2.5.4. Catalase Assay (CAT) 
Change in catalase production was measured using the Hadwan and Abed (2016) technique 
with minor modifications. In this technique, ammonium molybdate was used as the indicator 
to bind to the unreacted H2O2 in the sample. The control test was conducted with each sample 
to eliminate the results of binding the ammonium molybdate to protein and amino acids in the 
sample (Hadwan & Abed, 2016). Samples obtained as per the section 2.5.1 using 48 hour 
exposed embryos were used in the experiment. The following buffers were prepared for the 
catalase test: 
 Na-KPi buffer 50 mM, pH 7.4 
 30 mM H2O2 in Na-KPi buffer 
 32.4 mM/L ammonium molybdate in Milli-Q 
The H2O2 solution was prepared immediately before the experiment, and the H2O2 stock 
solution was standardised prior to preparing the 30 mM solution using the molar extinction 
coefficient of H2O2: 39.4 M-1 cm-1 at 240 nm. Each sample was mixed in 2-mL tubes when 
conducting the assay according to the following table. 
Table 2-7 Reagents added to 2-mL tubes to calculate the catalase activity 
Reagents Test Control-test Standard Blank 
Milli-Q water - 250 µl 25 µl 275 µl 
H2O2 solution 250 µl - 250 µl - 
Sample 25 µl 25 µl - - 
The assay was incubated in a water bath at 19°C for 4 minutes, and the timing began 
immediately after the H2O2 solution was added to the mixture. After 4 minutes, the reaction 
was stopped by adding 1,000 µl of the ammonium molybdate to each tube to be tested. 150µL 
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of each tube was added to the 96-well plate, and the absorbance was read at 374 nm. The 
catalase enzyme activity was calculated using the following equation: 
Catalase activity (kU/min/ml) = 
2.303
𝑡
 ×  log10
𝑆𝑡
𝑇−𝐶𝑇 
× 
𝑉𝑇
𝑉𝑆
 
t = time (min) 
St = absorbance of the standard 
T = absorbance of the test 
CT = absorbance of the control-test 
VT = total volume of reagents in the assay tube (ml) 
VS = volume of the supernatant (ml) 
2.5.5. Glutathione S-transferase Test (GST) 
In this experiment, GST activity was measured by adopting the technique of Frasco et al., 
(2002), which was modified for a microplate reader by improving the early method used by 
Habig et al. (1976), (Frasco & Guilhermino, 2002; Habig, Pabst, & Jakoby, 1974). Embryos 
exposed to 48 hours on test chemicals were used in preparing samples as explained in section 
2.5.1 to be used in the experiment. The following reagents were made prior to the experiment: 
 KPi buffer, pH 6.5 
 L-glutathione reduced (GSH) – 10 mM GSH in KPi buffer 
 1-Chloro-2,4-dinitrobenzene (CDNB) solution – 60mM 1-chloro-2,4-dinitro-benzene 
(CDNB) in ethanol 
Using the above reagents, the reaction solution (150 µl CDNB + 900 µl GSH + 4950 µl KPi 
buffer) was prepared and kept in the dark to protect it from sunlight until the experiment was 
carried out. The samples and reagents were added into the 96-well microplate in triplicates as 
indicated in Table 2-8. 
Table 2-8 Reagents added to the individual wells of the microplate to determine GST activity. 
Reagents Blank Wells (µl) Sample Wells (µl) 
Phosphate (KPi) buffer 25 - 
Reaction solution  125 125 
Sample - 25 
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Once the reagents were added to the sample wells, absorbance was read immediately at 340 
nm every 20 seconds for 5 minutes. The GST activity of the samples was determined using the 
following two formulas: 
1. ∆Absfinal sample = ∆Abssample - ∆AbsBlank 
2. GST activity (nM substrate hydrolysed/min/mg protein) = (∆Absfinal sample / -9.6) x  
                                                                                dilution factor x (1,000 / protein) 
2.5.6. Malondialdehyde test (MDA) 
To identify the oxidative damage caused by ROS to lipids of embryos, the presence of MDA 
was identified in the exposed samples. The presence of MDA was determined using a very 
common but simple technique with thiobarbituric acid (TBA). Malondialdehyde bound to TBA 
provides a pink chromagen with a maximum absorbance of 530–535 nm and a fluorescence 
emission of 553 nm. In this technique, to determine the presence of MDA in the sample, the 
relative presence of thiobarbituric acid reactive substances (TBARS) in the sample was 
calculated (Ohkawa, Ohishi, & Yagi, 1979; Spickett, Wiswedel, Siems, Zarkovic, & Zarkovic, 
2010). The experimental method used by Parrilla-Taylor et al. (2013) was adopted (Parrilla-
Taylor, Zenteno-Savín, & Magallón-Barajas, 2013). 
An ice-cold stopping solution of 1.0 M HCl in 12.5% TCA and 1% TBA was made prior to the 
experiment. Samples were prepared according to subsection 2.5.1, using embryos exposed to 
test solutions. Next, 180 µL of the supernatant obtained from each sample was transferred to 
1.5-mL tubes in triplicate and incubated at 37℃ for 15 minutes in a shaking water bath; then, 
90 µL of ice-cold stopping solution was added to the incubated samples. The samples were 
mixed and incubated at 90℃ for 10 minutes. The incubated samples were cooled to room 
temperature in an ice bath and centrifuged at 3000 ×g for 10 minutes at 4°C. The supernatant 
(150 µL) obtained after centrifugation was transferred to a 90-well microplate, and the samples’ 
absorbance was recorded using a plate reader at 532 nm. The MDA activity of the samples was 
calculated as the nM of TBARS/mg/mL using the protein concentrations in the sample obtained 
with the Bradford assay. 
2.5.7. Protein carbonyl test 
The determination of protein carbonyl as an indicator for oxidative stress was conducted using 
the method established by Mesquita et al. (2014), who further developed the technique of 
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Levine et al. (1990) to remove cumbersome sample preparation steps (Levine et al., 1990; 
Mesquita et al., 2014). The following reagents were made prior to the experiment: 
1. 2,4-dinitrophenylhydrazine (DNPH) – 10 mM DNPH in 0.5M H3PO4 
2. 10% w/v streptomycin sulphate stock solution  
3. 6 M NaOH solution 
Each sample supernatant was transferred to 2-mL tubes and streptomycin sulphate stock 
solution was added to obtain a final concentration of 1% in the mixture, which was incubated 
for 15 minutes at room temperature. When DNPH binds to nucleic acids, it gives high OD 
readings and misrepresents the readings of protein carbonyl in the sample. The streptomycin 
solution was added to precipitate the nucleic acids in the sample (Mesquita et al., 2014). After 
the incubation samples were centrifuged at 13,000 x g for 10 minutes at 4℃, the supernatant 
was collected. The nucleic acid concentration compared to the protein present in the sample 
was calculated by measuring the OD ratio at 260 nm/280 nm (nucleic acid absorption at 260 
nm, protein absorption at 280 nm) (Wilfinger, Mackey, & Chomczynski, 1997). If the ratio 
was less than one, the experiment continued to the next step; if the ratio was higher than one, 
the streptomycin precipitation step was repeated until the ratio became less than one. Fifty 
zebrafish embryos each in three Petri plates were exposed to test solutions for 48 hours in the 
dark at 28℃, and were used to prepare samples (section 2.5.1). The DNPH and samples were 
mixed as shown in Table 2-9, in triplicates with a blank. 
Table 2-9. Reagents mixed to determine the protein carbonyl content in the samples. 
Reagents Test Blank 
Sample  200 µl - 
DNPH mixture 200 µl 400 µl 
The mixtures were incubated for 10 minutes at room temperature, and 100µL of the NaOH 
solution for the samples and 200 µL for the blanks were added. The sample mixture was 
incubated for 10 minutes at room temperature and transferred to a 96-well microplate. The 
absorbance values for the samples and blanks were measured immediately at 450 nm. The 
protein concentration obtained using the Bradford assay was used for calculating the protein 
carbonyl concentration in the samples as nM/mg. 
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2.5.8. Acetylcholine esterase assay (AChE)  
The AChE activity assay was conducted using the technique described by Guilhermino and his 
research group in 1996 (Guilhermino, Lopes, Carvalho, & Soared, 1996), which adopted the 
use of microplates. This technique was developed using the method illustrated by Ellman and 
his research group in 1961 (Ellman, Courtney, Andres Jr, & Featherstone, 1961). Supernatants 
extracted from embryos exposed to the test solutions were obtained as explained in subsection 
2.5.1. Prior to the execution of the experiment, the following reagents were prepared; 
I. Phosphate-buffered saline (PBS) in pH 7 
II. 10 mM 5,5-dithio-bis-2-nitrobenzoic acid (DTNB) 
III. Substrate – 75 mM acetylcholine iodide 
Supernatants of the test samples were mixed with reagents prepared in the exact order presented 
in Table 2-10 in a 96-well microplate. Once the substrate was added, a rapid reaction occurred 
and the kinetic progression of the reaction results was obtained; hence, the experiment was 
conducted in the given sequence.  
Table 2-10. Reagents and experimental procedure of the AChE assay for zebrafish embryos exposed to leachate 
and 1-HCHPK. 
Steps Reagents Test (µL) Blank (µL) 
01 Phosphate buffered saline – PBS 112.5 125 
02 5,5-dithio-bis-(2-nitrobenzoic acid) – DTNB 12.5 12.5 
03 Supernatant obtained from test subjects 12.5 0.0 
04 Substrate – ACh iodide 12.5 12.5 
Once the substrate was introduced, the kinetic development of the reaction was recorded with 
the change in absorbance readings at 405 nm every 10 seconds for 5 minutes using a microplate 
reader. The AChE activity was determined using the extinction coefficient of DTNB (14 050 
M-1 cm-1), and the protein content of the samples was obtained using the Bradford assay as 
explained in subsection 2.5.1. The results were presented as the nM of the substrate hydrolysed 
by AChE per minute per milligram of the total protein present in the sample.  
2.6.  Whole-mount immunohistochemistry assay (Caspase-3 activation) 
Wild-type zebrafish (Danio rerio, Tübingen strain) embryos (5 hpf) were collected and exposed 
to the test chemicals for 24 hours at 28℃ in the dark. A pan-kinase inhibitor z-VAD-fmk-at 
300uM was also used in combination with test chemicals that resulted in inhibiting caspase-3, 
leading to a reduced number of apoptotic cells. The experiment was conducted using 10 
90 
 
separate embryos per treatment. The embryos exposed for 24 hours were washed once with the 
E3 embryo media and manually dechorionated.  
The dechorionated embryos were exposed to 10% PFA for 12 hours (overnight) at 4℃ in the 
dark for embryo fixing. The fixed embryos were washed with PBS twice for 5 minutes each, 
washed with 10% PBST for 10 minutes, and washed twice more with 5% PBS for 5 minutes 
each. Embryos were incubated with a blocking buffer for 4 hours at room temperature and then 
exposed to an anti-active caspase-3 primary antibody (Primary Ab: ab2302, Abcam) with a 
concentration of 1000:1 v/v (antibody/PBS) for 12 hours at 4℃ in a shaker in the dark. After 
12 hours, the embryos were washed with PBS three times for 30 minutes each. The washed 
embryos were then incubated with a secondary antibody (Secondary Ab: A-21429, Alexa Fluor 
555, ThermoFisher) for 4 hours at room temperature in the dark. After the incubation, the 
embryos were washed with PBS for 1 hour and then twice more with PBS for 30 minutes each.  
The washed embryos were exposed to 50% and 70% glycerol solutions, respectively, for 1 hour 
each and mounted on glass slides. The mounted embryos were imaged with confocal 
microscopy (Leica TCS SP8 with HyD detector), and florescence spots were counted with 
ImageJ software. 
2.7. Quantification of externalised phosphatidylserine residues (Annexin A5 assay) 
To quantify the externalised phosphatidylserine residues as an early-stage apoptosis marker in 
zebrafish, embryos obtained from the annexin-V transgenic fish line Tg(-3.5ubb:secANXA5-
mVenus) were used. This fish line consisted of a 3.5 kb ubiquitin b promoter bound to secreted 
human Annexin V that was labelled mVenus. Post-fertilised embryos were sorted for viable 
embryos, and 10 5-hpf embryos were exposed to test chemicals. The exposed embryos were 
incubated for 24 hours at 28℃ in the dark. Toxicant-treated embryo apoptotic phenotype partial 
inhibition was achieved using ascorbic acid as an ROS scavenger. The embryos exposed for 
24 hours were collected and anaesthetised using 0.04% tricaine methane sulfonate (MS-222) 
and then manually dechorionated.  
The dechorionated embryos were introduced to 10% paraformaldehyde (PFA) at 4℃ in the 
dark for 12 hours for fixing. The fixed embryos were washed twice with 5% PBS for 10 minutes 
each, washed once with 5% PBS with TritonX (PBST) for 5 minutes, and washed once again 
with 5% PBS for 10 minutes. Embryos were transferred to 50% and 70% glycerol solutions, 
respectively, for 1 hour each and mounted on glass slides. The mounted embryos were imaged 
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with a GFP filter using an Olympus MXV10 stereomicroscope. Images of the individual 
embryos were analysed using ImageJ, and YFP-positive luminance spots were counted. 
2.8.  Energy expenditure measurement assay (AlamarBlue assay) 
Alamar Blue dye has been used as a cell viability and energy expenditure measurement assay 
(Rampersad, 2012; S. Y. Williams & Renquist, 2016). This experiment was derived from the 
alamarBlue energy expenditure assay of Williams and Renquist (S. Y. Williams & Renquist, 
2016). Wild-type zebrafish embryos were collected, and 5-hpf viable embryos were sorted. 
Viable embryos were exposed to test solutions with alamarBlue test reagent for 48 hours at 
28℃ in the dark.  
For this experiment, alamarBlue test reagent was added to obtain a final concentration of 1% 
reagent in the relevant treatments. The experiment was conducted in 48-well microplates with 
each treatment having 16 embryos. Each embryo was exposed to 1 mL of the test solutions, 
and another set of the toxicant concentrations and control solutions with alamarBlue reagent 
was incubated for 48 hours at 28℃ in the dark without embryos. For the experiment, each 
treatment was repeated with 16 wells of 1 mL of test solution. At the end of the 48-hour 
incubation, fluorescence readings were recorded at 585 nm using a Clariostar plate reader. Data 
obtained from the Clariostar were transferred to Microsoft Excel and analysed, and the results 
were presented as a percentage of the relative change of fluorescence intensity. 
2.9.  Behavioural analysis 
2.9.1. Embryo spontaneous activity (ESA) assay 
Zebrafish embryos’ early spontaneous behaviour response to the test chemicals was determined 
with an ESA behavioural assay using wild-type 24-hpf embryos. The experiment was 
conducted using the same experimental technique developed and explained in Chapter 7 with 
minor changes. Each concentration of the test solution was tested with 32 embryos. After 1 
hour of exposure, 2-minute videos were captured with a Canon 7D Mark II (EOS 7D MARK 
II, Canon Australia Pty Ltd) camera every 3 hours for 12 hours and the videos were analysed 
using the DanioScope Noldus software package (Noldus Information Technology, The 
Netherlands). The data acquired using DanioScope were transferred to Microsoft Excel for 
analysis to determine the vicissitudes in embryo behaviour caused by the toxicity of the test 
chemical concentrations. 
92 
 
2.9.2. Larval photomotor response (LPR) assay 
Behavioural changes of zebrafish larvae were studied by exposing 120-hpf test subjects to 
preprepared concentrations of the toxicant solutions. The experiment was conducted using the 
industrially available zebrafish larval behaviour analytic module ZebraBox (ViewPoint, Lyon, 
France) (see Figure 1.155). The larvae to be tested were exposed to test concentrations of the 
toxicant of interest. Each treatment was tested with eight larvae, and each larva was exposed 
to 1 mL of test concentrations in the individual wells of the standard 48-well plate.  
After 1 hour of exposure, larvae behaviour was studied using the distance moved within 1 hour 
measured with the automated zebrafish larvae tracking module in the ZebraBox commercial 
analytical system. Larvae subjected to treatments were exposed to 4-minute light/dark cycles 
to observe the photomotor behaviour response.  
The total distance moved and light/dark cycle movements of the test subjects in 30 and 60 
minutes were analysed in comparison with the control larvae’s behavioural response. The data 
obtained from ZebraBox was transferred to Microsoft Excel for data sorting, analysis, and 
presentation. Furthermore, ZebraBox made it possible to develop the trajectories of the larvae 
swimming patterns for the 30- and 60-minute time slots, enabling a visual comparison of the 
toxic effects of the polymer leachate on larvae behaviour. 
2.10.  Primary motor neuron morphology and muscle development Transgenic 
Zebrafish embryos 
In this experiment, 5-hpf embryos obtained from the double transgenic zebrafish line 
Tg(isl1:GFP), Tg(actc1b:mCherry-CAAX) were used. The transgenic fish line was developed 
with skeletal muscle reporter mCherry-CAAX (Red) and for inter/motor neurons GFP (Green) 
reporter imbedded in the embryos. The embryos obtained from the double transgenic fish line 
Tg(isl1:GFP), Tg(actc1b:mCherry-CAAX) were collected at 5 hpf and sorted for viable 
embryos. Ten embryos each were exposed to test chemical concentrations for 48 hours at 28℃ 
in the dark along with control embryos in the E3 embryo media. Next, 48-hpf embryos were 
washed with E3 media, dechorionated, and fixed with PFA for 12 hours at 4℃ (overnight). 
Fixed embryos were washed with PBS solution three times for 5 minutes each. The PBS-
washed embryos were further washed with 5% Tris HCl in PBS once for 10 minutes and twice 
more with PBS for 10 minutes each. The embryos were transferred to 50% and 70% glycerol, 
respectively, for 1 hour each to obtain optimal transparency for imaging. The embryos 
immersed in glycerol were mounted on slides and imaged using an Olympus MXV10 
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microscope, and the images were observed to identify any nerve or muscle deformities during 
the development. 
 
2.11. Oxidation-reduction potential (ORP) measurement 
ORP of the test chemical solutions was measured using a PC spectrophotometer 781 pH/Ion 
Meter (Metrohm Australia, Gladesville, Australia) which is comprises with a Pt ring/Ag-AgCl 
ORP electrode (Metrohm). Test samples 50mL each in 100mL clean glass beakers were tested 
for ORP and Milli-Q water was used as a neutral solution to determine the comparative change 
of ORP in the test solutions. 
2.12.  GC-MS analysis 
To quantify the chemical changes in 3D printing polymer extracts after using remediation 
methods, and to identify toxicant presence before the treatments, a GC-MS system was used. 
The GC-MS system used in this experiment was an Agilent HP 6890 gas chromatography 
system with an Agilent 5973 mass spectrometer (Agilent Technologies Australia Pty. Ltd., 
Forest Hill, Victoria, Australia) and controlled by native ChemStation software. The GC-MS 
equipment consisted of DB-5 ms, a 0.25 mm x 30.0 m x 0.25μm column and a split injection 
system with a helium carrier flow of 17.54 psi and capable of obtaining a minimum mass score 
of 230°C to a maximum of 320°C and data acquisition was conducted by scanning mode. The 
obtained relative chemical graphs were compared to the inbuilt, known database (NIST08) to 
identify the unknown chemical compounds. 
2.13. Image acquisition 
2.13.1. Still image acquisition. 
Stereomicroscopy imaging was used for still photographs, and a Nikon SMX18 (Nikon Corp., 
Tokyo, Japan) was attached to the stereomicroscope. This microscope is equipped with a 
RetigaTM 4000DC cooled CCD camera and standard FITC/GFP filter cube (Nikon Corp.), used 
in capturing fluorescence pictures. Microscopy image capturing was controlled by NIS-
Elements computer software. Immunohistochemistry images were acquired using confocal 
microscopy (Leica TCS SP8 with HyD detector) and images of embryos with externalised 
phosphatidylserine residues on Annexin V5 assay was captured using Olympus MVX10 
fluorescent stereomicroscope, images were analysed using ImageJ software. 
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2.13.2. Video capturing. 
A miniaturised USB microscope (AM7013MT Dino-Lite Premier, Dino-Lite, AnMo 
Electronics Corp., New Taipei City, Taiwan) was used to capture videos in the primary 
semiautomated behaviour acquisition protocol. The microscope was equipped with a 5-
megapixel CMOS colour sensor, variable magnification up to 200x, and video acquisition 
ability up to 25 frames per second. A modified LED illumination panel mounted on top of the 
sample tray provided illumination for the video acquisition. 
Time-resolved video acquisition was conducted using a Canon 7D Mark II (EOS 7D MARK 
II, Canon Australia Pty Ltd) with an APS-C CMOS (22.4 x 15.0) image sensor, 20.2 
megapixels, and full HD 60 frames per second video capturing capacity. This camera was 
coupled with a Tamron SP 90 mm F/2.8 MACRO VC (Model F017) macro lens enabling high-
resolution (20.2MP) image capture. 
2.14. Design and fabrication of 3D printed video acquisition prototypes. 
2.14.1. Three-dimensional model designing and printing 
Three-dimensional models were designed using SolidWorks 2015 (Dassault Systems 
SolidWorks Corp., Concord, MA, USA) CAD and CorelDraw X3 (Corel Corp., Ontario, 
Canada) software packages, and designs were saved as stereo lithography (SLA) files. All the 
3D designs were fabricated using an infrared laser machining system, Form 1 resin laser printer 
(FormLabs Inc., Somerville, MA, USA), and MakerBot II Replicator (MakerBot, Brooklyn, 
New York City, USA). 
2.14.1.1. Infrared laser machining system 
The chip device for the behavioural analysis protocol was fabricated using a noncontact 30W 
CO2 infrared laser machining system (VLS 3.50, Universal Laser Systems, Scottsdale, Arizona, 
USA) (See Figure 2.1-A). Biocompatible, transparent PMMA plastics were used in the laser 
machine for fabrication. This laser machine was equipped with Class 4 high power density 
focusing optics (HPDFO) that had a 40 μm elliptical beam spot and a Class 2 laser guiding 
system. 
2.14.1.2. Form 1 resin laser printer 
To assess the toxicity of Form 2 clear resin, multiparous bricks were manufactured using a 
Form 1 resin printer (FormLabs, USA) (See Figure 2.1-B). This system’s capabilities included 
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a 300 μm x-y resolution and 50μm z-layer thickness for fabricating on printing standard 
manufacturing protocol is followed. Post-manufacture, models were cleaned with 99% 
isopropyl alcohol and cured with 350 nm ultraviolet light for 12 hours, to harden the surface 
and completely polymerise the unpolymerised resin. 
2.14.1.3. MakerBot replicator 2 
To manufacture the parts required for the automation device, the FDM fabrication method was 
used. The MakerBot Replicator 2 (MakerBot, Brooklyn, New York City, USA) (See Figure 
2.1-C) desktop 3D printer is one piece of equipment that uses this manufacturing method as 
well as one of the most user-friendly, accurate, and inexpensive devices that can be bought off 
the shelf. ABS was used for the MakerBot Replicator 2 fabrication, and post-fabrication 
cleaning was done manually. 
   
Figure 2.1. (A) Infrared laser machining system used for fabricating the PMMA chip device, (B) FormLabs 
Form 1 resin printer used in fabricating multiporous bricks from Form 2 clear resin for 3D printing polymer 
extract toxicity, (C) MakerBot Replicator 2 FDM fabricator used in the manufacturing of parts to assemble the 
automated video acquisition system. 
2.15. Data analysis  
The behavioural videos acquired were processed using Adobe Premiere Pro CC 2015 (Adobe 
Systems Inc., San Jose, California, USA), and video analysis was carried out using DanioScope 
1 (Noldus, Wageningen, The Netherlands). Data analysis of the conventional aquatic 
toxicology tests was conducted using ToxRat Professional (ToxRat Solutions GmbH, Alsdorf, 
Germany). 
Statistical analysis was conducted (Shapiro–Wilk test for normality, ANOVA, contrast tests, 
Kruskal–Wallis test, and KW-contrast test) to identify the statistical significance among the 
datasets obtained (p < 0.05). Statistical analysis was performed using Microsoft Excel 365 upon 
installation of the Real Statistics Data Analysis Toolkit and followed the step-by-step process 
B) C) 
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provided below, and graph formulation was performed in Microsoft Excel 2016 (Microsoft 
Corporation, USA): 
1. The Shapiro–Wilk test for normality was conducted initially (Zaiontz, 2013d). 
2. If the dataset was found to be normally distributed, ANOVA and contrast tests were 
used to obtain statistical variances (Zaiontz, 2013c). 
3. If the normality test showed that data were not normally distributed, the data were 
transformed to create symmetry and tested for normality using Step 1; if the data were 
normal, Step 2 was conducted (Zaiontz, 2013e), and if the data were not distributed 
normally, Step 4 was conducted. 
4. If the data variances were not equally distributed, the Kruskal–Wallis test and KW-
contrast test were conducted for statistical data (Zaiontz, 2013a, 2013b). 
5. Post-hoc Tukey’s HSD was used for two factor ANOVA (Zaiontz, 2013f). 
All experimental procedures were conducted using at least three replicates per given 
concentration. Instances of exceeding this minimum of three replicates are clearly indicated in 
the experimental procedures. Control and toxicant measurements are clearly illustrated as per 
the individual experiments. Statistical data for the experiments are presented in Appendix 10.2. 
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Chapter 3. Characterisation of 3D Plastic 
Additives’ Toxicity Using Conventional 
Ecotoxicological Techniques 
 
3.1. Introduction 
The rapid development of the plastic industry as well as the mass production and high use of 
plastics in the last century have led plastics to be a major environmental pollutant (Allwood et 
al., 2010; Elvers, 2016; Gourmelon, 2015; Grandviewresearch, 2019). Most used plastics 
eventually accumulate in the aquatic environment where they can lead to multiple 
complications in organisms, causing detrimental effects from exposure, entanglement, or 
ingestion (Derraik, 2002; Hammer et al., 2012; Laist, 1997). With the development of plastic 
production, plastics have been part of multiple industries; 3D printing is one of them, and has 
adopted plastic polymerisation to develop end products (Hamzah et al., 2018; Morgado & 
Lantada, 2012; Stansbury & Idacavage, 2016). With the rapid development of the 3D printing 
industry, researchers has become more inquisitive about the toxicity of polymers and polymer 
additives used in 3D printing, as well as the biocompatibility of products (Mitchell & 
Wlodkowic, 2018).  
During the production of 3D printed products, multiple techniques have been developed such 
as SLA, FDM, DLP, MJM, and SLA, as described in detail in subsection 1.4.1. Researchers 
have demonstrated the toxicity of the chemical products used in the 3D printing industry, as 
well as the toxicity of polymer resins used in the polymer industry (Autodesk, 2016; Formlabs, 
2017; Sigma-Aldrich, 2016). Research by Palomba et al. (2015) and Zhu et al. (2015, 2013) 
have demonstrated the toxicity of multiple 3D printed polymer leachates (Watershed 11122XC, 
poly (lactic) acid, Form 1 Clear, VisiJet SL Clear, and Dreve Fototec 7150 Clear) developed 
using MJM, FDM, and SLA printing techniques (Palomba et al., 2015; Feng Zhu, Friedrich, 
Nugegoda, Kaslin, & Wlodkowic, 2015; Feng Zhu, Wlodkowic, et al., 2013). In the last few 
decades, the toxicity of polymers has been evaluated in numerous aquatic organisms, including 
Daphnia magna (Methyl methacrylate, Methyl acrylate, Glycol methacrylate), Lepomis 
macrochirus (Methyl methacrylate, Glycol methacrylate), Oncorhynchus mykiss (Methyl 
acrylate, Glycol methacrylate), Cyprinus carpio (Di(trimethylolpropane)tetraacrylate), 
Pediastrum boryanum (2-methyl-1-(4-methyl thoiphenyl)-2-Morpholinopropan-1-one), and 
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Pseudokirchneriella subcapitata (Di(trimethylol propane) tetraacrylate, Methyl methacrylate, 
Methyl acrylate, Alkoxylated pentaerythritol tetraacrylate) (Autodesk, 2016; Formlabs, 2017; 
Sigma-Aldrich, 2015, 2016, 2017; Vertex-Dental, 2015). Furthermore, Zhu et al. (2015) and 
Palomba et al. (2015) used Daphnia magna, Lemna sp., and zebrafish to demonstrate the 
toxicity of polymer leachates obtained from multiple 3D printed polymers described above 
(Palomba et al., 2015; Feng Zhu, Timo Friedrich, et al., 2015). With the development of 
technological advancements in chemical analysis, machineries equipped with technologies 
such as gas chromatography–mass spectrometry (GC-MS), liquid chromatography–mass 
spectrometry (LC-MS), and liquid chromatography-tandem mass spectrometry (LC-MS-MS) 
have drastically increased researchers’ capabilities for analysing, identifying, and quantifying 
environmental pollutants (Petrović, Gonzalez, & Barceló, 2003). Even though the 3D printing 
industry involves rapidly growing technology that have been diversified in multiple industrial 
avenues with various uses, research into the toxicity of 3D printed polymers and polymer 
leachates and their understanding remain in their infancy.  
This chapter investigates the toxicity of Form 1 clear photoreactive resin, which is used in the 
Form 1 stereolithography 3D printer developed (FormLabs Inc.). The toxicity of the leachate 
obtained using the polymer products developed with Form 1 clear resin was examined using 
multiple standard aquatic toxicological techniques (Microtox test, Daphnia toxicity test, 
Rotifer toxicity test, Paramecium toxicity test, zebrafish FET and iFET tests). The obtained 
polymer leachate was chemically analysed to identify the components in the leachate, the main 
component of the leachate was quantified, and the said compound was investigated for its 
toxicity. Furthermore, time-resolved extraction of the 3D printed polymer leachate was 
conducted and chemical analysis was performed to determine the migration of the identified 
main component of the polymer into the aqueous layer; furthermore, the stability of the same 
component was examined.  
3.2. Materials and methods  
3.2.1. Biological test specimens 
The biological test specimens used to confirm the toxicity of the extract obtained from post-
cured products of 3D printing polymer Form 1 clear photoreactive resin were zebrafish (Danio 
rerio) embryos, Daphnia (Daphnia magna), rotifers (Brachionus calyciflorus), Paramecium 
caudatum, and marine bacteria (Aliivibrio fischeri). Zebrafish embryos were obtained as 
explained in subsection 2.4.5 at the 5-hpf growth stage and used in standard OECD embryo 
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toxicity FET tests and embryo sublethal toxicity iFET tests. Daphnia magna was used in the 
standard Daphnia acute toxicity test to obtain the acute toxicity of the extract, rotifers 
(Brachionus calyciflorus) were used for a rotifer toxicity test, Paramecium caudatum was used 
in standard Paramecium lethality tests, and a Microtox test was conducted using the marine 
bacteria Aliivibrio fischeri. 
3.2.2. 3D printing polymer leachate extraction 
To evaluate the toxicity of the post-cured 3D printing polymer obtained by SLA 3D printing 
systems, the unpolymerised components of the resins had to be extracted to form an aqueous 
solution. To extract the leachates from post-cured 3D printed polymer manufactured using 
Form 1 clear photoreactive resin, a porous brick (27 x 16 x 18 mm) was designed with a 6,250-
mm2 surface area using SolidWorks 2016 (Dassault System SolidWorks Corp., USA). The 
design was then converted to a universal .STL file format, enabling it be accessed by the 3D 
printer software. Using the Form 1 SLA system (FormLabs Inc., Somerville, MA, USA) (see 
Figure 3.1-A), the CAD design was printed using Form 1 photoreactive clear resin (FormLabs 
Inc., Somerville, MA, USA) (see Figure 3.1-C), printer settings were maintained as default, 
and supports were switched off before the printing process began.  
 
Figure 3.1. Design and print of porous block: (A) FORM 1 SLA system, (B) FormLabs post-curing cabinet, and 
(C) SolidWorks CAD of porous brick with a 6,250-mm2 surface area. 
Printed bricks were washed with acetone for 10 minutes, air-dried, and post-cured by exposing 
them to the ultraviolet light of a biosafety cabinet for 12 hours. Using a spectrometer UV lamp, 
the biosafety cabinet was measured for its UV emission.  
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Polymer extractions were explained in Zhu F. et al.’s (2016) polymer extraction procedure 
(polymer surface area of 6,250 mm2 per 1,000 mL extracted for 72 hours), and this extraction 
time had to be improved to 24 hours to optimise the polymer extraction (Feng Zhu, 2016). In 
doing so, one, two, and three polymer cubes were separately extracted using a magnetic stirrer 
at 240 rpm and 22℃ in the dark to measure the amounts of 3D-printed polymer required for a 
24-hour extraction. Each extraction was performed in 250 mL of Milli-Q water, and the surface 
area of the individual cubes was 6,250 mm2. A 100% extract from all three extraction methods 
was tested in a zebrafish embryo FET test and GC-MS analysis was conducted for toxicant 
quantification. 
As per the results obtained from the aforementioned experiment (see subsection 3.3.1), for the 
rest of the toxicity testing, four post-cured porous cubes per 1 L of deionised Milli-Q water in 
a glass Schott bottle were used for extraction. The cubes and Milli-Q water mixture was 
extracted on a magnetic starrer (240 rpm) at 22℃ for 24 hours. Extraction was conducted in 
the dark to avoid photodegradation of the compounds in the leachate. On completion of the 
extraction, the cubes were removed and the 100% extract was converted to the necessary 
biological test media as per the test requirements.  
3.2.1. Chemical analysis 
3.2.1.1. GC-MS identification and quantification of the chemicals 
The next crucial step in the study of Form 1 3D printing clear resin leachate was to identify the 
main chemicals in the leachate. For this purpose, the Agilent 6890N GC-MS (Agilent 
Technologies Australia Pty. Ltd., Forest Hill, Victoria, Australia) was used and controlled by 
the native ChemStation software package. Polymer extract was obtained using a technique 
described in subsection 3.2.2, without changing the extract into related biological media for 
toxicity testing. To avoid other chemical contaminations that could occur during conversion, 
20 µg of biphenyl was used as the internal standard. Each extract was separated into 30-mL 
aliquots and freeze-dried in 50-mL falcon tubes. Dried residues were dissolved in 200 µL of 
analytical grade dichloromethane solvent obtained from Sigma-Aldrich, and the falcon tubes 
were washed twice with another 200 µL of the same solvent to remove all the dried residues. 
A total of 600 µL containing freeze-dried extract dissolved in dichloromethane was transferred 
to 2-mL dark micro-tubes containing micro-insert tubes and sealed. Tubes were wrapped in 
aluminium foil and immediately transferred to a –20℃ freezer until the analysis was conducted. 
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Chemical analysis was performed using the method described in Section 2.12, and the obtained 
chromatograms were analysed for identification using the inbuilt database (NIST08). 
Upon identifying the major component of the polymer extract 1-HCHPK (see subsection 
3.3.2.1) and its known cytotoxic activity, further research focusing on this compound was 
conducted; the next logical step was to quantify the amount of the compound of interest in the 
polymer extract. The 99% pure compound of the 1-HCHPK obtained from Sigma-Aldrich was 
dissolved in dichloromethane 600:1, and a series of concentrations were created using a serial 
dilution technique; 20 µg of biphenyl was added as the internal indicator in each concentration. 
The concentrations of 1-HCHPK obtained were 250, 125, 62.5, 31.25, 15.125, 7.562, 3.781, 
and 1.890 mg/L, and polymer extracts were in triplicates. These were examined with GC-MS 
using the same protocols as in the aforementioned experiment. 
3.2.1.2. GC-MS analysis of 3D printing polymer leaching rate 
The 1-HCHPK extraction rate in the polymer extraction and post-extraction stability of the 
compound were imperative for the continuance of the research. This information was vital 
because most of the experiments took place during a few days and the GC-MS analyses were 
time-consuming. It also helped to identify the largest amount of compound that could be 
extracted from a known surface area as well as determine whether the extraction was hindered 
by the saturation. To gain an enhanced understanding of these factors, the following three 
experiments were conducted. 
01. Stability of the compound: Four post-cured cubes (surface area of 6,250 mm2 each) of 
the polymer were added to 1,000 mL of Milli-Q water and extracted for 24 hours as 
described in subsection 3.2.2. The extract obtained was kept in the dark at 4℃, and 
every 24 hours 30 mL of the extract was freeze-dried in triplicate. This process was 
repeated for 10 days.  
02. Calculating the leaching every 24 hours: One cube with a surface area of 6,250 mm2 
was introduced to a 500-mL Schott bottle with 250 mL of Milli-Q water and extracted 
for 24 hours; three aliquots of 30 mL of the extract were freeze-dried after extraction. 
The bottle was emptied and 250 mL of clean Milli-Q water was added to the same bottle 
with the same polymer block used for the previous extraction. This procedure was 
repeated for 10 days to obtain three freeze-dried samples per day. 
03. Determining the saturation of the 1-HCHPK upon extraction: Ten cubes were designed 
with SolidWorks for a total surface area of 25,000 mm2 (equal to four blocks of 6,250 
mm2); post-cured blocks were added to 1,000 mL of Milli-Q water and extracted for 
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240 hours, and every 24 hours, one block and 100 mL of the extract were removed. 
Every 24 hours, three 30-mL aliquots of the removed leachate were added to falcon 
tubes and freeze-dried. This procedure was repeated for 10 days. 
 All the fractions collected from these three experimental methods were analysed with GC-MS 
using the same experimental procedures explained in Section 2.12. The results obtained from 
the GC-MS were used to determine the area of the 1-HCHPK peak, and the equation obtained 
in subsection 3.3.2.1 was used to quantify the concentration obtained. 
 
3.2.2. Toxicity testing of 3D printing polymer extract 
Five separate standard ecotoxicological tests were conducted using the polymer extract 
obtained from the post-cured 3D polymer objects to observe the toxicity. Extract concentrations 
were prepared by diluting 100% polymer extract in relevant biological test media. 
 
3.2.2.1. Microtox test 
The marine bacteria Aliivibrio fischeri was used for the Microtox 500 toxicity test to observe 
the toxicity of the polymer leachate for the microbial population. The Aliivibrio fischeri 
bioluminescent bacterium is found in marine water; in presence of the toxic substance, said 
bacteria are known to change their capacity to produce bioluminescence. In this experiment, 
this factor was used to identify the effect of the toxicant. The Microtox acute toxicity test is a 
biomonitoring unit that is widely used in environmental toxicology (Johnson, 2005). For this 
experiment, test organisms were obtained from Microtox® Acute Reagent (J W Industrial 
Instruments Pty Ltd, New South Wales, Australia.), and the test subjects were stored and 
prepared for the experiment as discussed in Sections 2.3.1 and 2.4.1. A standard Microtox 
experiment was conducted with minor changes to optimise the test results. In this experiment, 
all the toxicant concentrations were preprepared and used for the test instead of preparing them 
on the Microtox 500 analyser, but tubes were kept in the analyser incubation wells for 
temperature stabilisation prior to the beginning of the test. All the readings for each 
concentration were taken in duplicates per test, and the tests were conducted twice, providing 
a total of quadruplicate results. 
The concentrations tested were 0%, 25%, 50%, 75%, and 100% polymer leachate. 
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3.2.2.2. Paramecium toxicity 
Paramecium caudatum are unicellular oranisms that are ciliated and motile and has been used 
as proxy model for ecotoxicological assessments (Amanchi, 2010; Miyoshi et al., 2003; 
Wichterman, 2012). For the toxicity testing of the polymer leachate, Paramecium caudatum 
were obtained from Southern Biological (Knoxfield, Victoria, Australia). Growth and 
maintenance of the culture were conducted as per the procedure explained in Section 2.4.2. 
Healthy grown Paramecium were transferred to 48-well microplates with 200 µL of the test 
concentrations per well. Five organisms were placed in each well, with six replicates per 
concentration. The test organisms were incubated at 25°C in the dark for 24 hours. At the end 
of the experiment after 24 hours, survival of the Paramecium caudatum was observed using a 
compound microscope; 15 seconds of immobility of the Paramecium caudatum was 
considered confirmation of disease. 
The concentrations tested were 0%, 20%, 40%, 60%, 80%, and 100% polymer leachate. 
3.2.2.3. Daphnia magna toxicity test 
Daphnia magna, a common freshwater crustacean, was employed in observing the toxicity of 
the polymer leachate. Ephippia of the said crustacean was obtained from the Daphtoxkit-F 
(MicroBioTests, Inc., Belgium) biotoxicity kit and stored at 4°C in darkness until the 
commencement of the toxicity test. Once the ephippia were revived from their dormant stage 
and hatched using the method described in Section 2.4.4, young Daphnia magna were 
introduced into preprepared extract concentrations. 10 mL of each concentration including 
controls (0% extract; only culture media) were introduced to five organisms each having six 
replicates and incubated at 25℃ in the presence of 6,000 lux LED illumination for 48 hours. 
Readings of immobilisation and loss of heartbeat were manually observed under a dissection 
microscope and noted down to indicate dead organisms. 15 seconds of immobility and loss of 
heartbeat of an individual organism were considered confirmation of demise. 
The concentrations tested were 0%, 20%, 40%, 60%, 80%, and 100% polymer leachate. 
3.2.2.4. Rotifer toxicity test 
Rotifers are pseudocoelomate organisms that are mainly freshwater species, but there are a few 
seawater species. These are around 0.1–5 mm long and known to be a major food source. They 
are capable of decomposing organic material and freshwater zooplankton with a short lifespan, 
which was first discovered in 1896 by Rev. John Harris (Harmer & Shipley, 1896; Howey, 
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2012). In the present experiment, Brachionus calyciflorus was used as the test subject; it is a 
commonly used rotifer species in ecotoxicology experiments (Dahms, Hagiwara, & Lee, 2011). 
Brachionus calyciflorus was obtained from the Rotoxkit-FTM (MicroBioTest Inc., Belgium), 
incubated at 25℃, and hatched 24 hours prior to the commencement of the experiment as 
described in Section 2.4.3. The 8-hour post-hatched organisms were introduced to a 48-well 
microplate containing 200 µL of the control media as well as preprepared extract 
concentrations. Five organisms per well with six replicates per concentration were tested. Each 
plate was incubated at 25°C with 6,000 lux LED illumination for 24 hours, and survival of the 
test organisms was noted at the end of the experiment with the help of a dissection microscope. 
The concentrations tested were 0%, 20%, 40%, 60%, 80%, and 100% polymer leachate. 
 
3.2.2.5. Zebrafish embryo toxicity test (FET) 
For the vertebrate FET test, zebrafish embryos were used as the test organism. 5-hpf viable 
embryos were obtained as described in Section 2.4.5. Twenty embryos per replicate, per 
concentration, in triplicates were used in the FET test. One embryo each per well with 2 mL of 
media/media + extract were introduced to 24 well plates, and the embryos were incubated in 
dark conditions at 28℃ for 96 hours, and lethality readings were taken every 24 hours. Test 
was conducted as per the OECD guidelines and the technique explained in Section 2.4.5. The 
following toxicant concentrations were tested with control embryos introduced to E3 embryo 
media: 
Concentrations tested – 0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 60%, 80%, and 100% 
polymer leachate. 
3.2.2.6. i-FET toxicity test on zebrafish embryos  
A sublethal embryo toxicity test (i-FET) was conducted using zebrafish embryos. 5-hpf 
embryos were collected as explained in Section 2.4.5 and exposed to control (E3 embryo media 
without extract) and extract concentrations. One embryo per well in a 24-well plate were 
introduced in 2 ml of the test concentrations per well having 20 embryos per concentration with 
three replicates each. The test organisms were incubated at 28℃ in the dark for 96 hours, and 
readings were taken every 24 hours. The i-FET results were calculated using the nine-
parameter experimental procedure explained in Section 2.4.6, and the iFET index was plotted 
using Toxrat software. The same concentrations of the polymer leachate used in the FET test 
conducted in Section 3.2.2.5 were used for this experiment. 
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Concentrations tested – 0%, 5%, 10%, 15%, 20%, 25%, and 30%. 
3.2.3. Zebrafish embryo toxicity (FET) of 1-HCHPK 
Upon identifying 1-HCHPK as the most prominent compound in the extract (See section 
3.3.2.1), I have decided to analyse the toxicity of 1-HCHPK using the most sensitive biological 
organism that was tested for the leachate toxicity (See section 3.3.3.5). A standard zebrafish 
embryo toxicity test was used to analyse the toxicity of the 1-HCHPK compound. The pure 1-
HCHPK compound obtained from Sigma-Aldrich was dissolved in DMSO to obtain 0.001% 
DMSO in the highest concentration of the toxicant. This 0.001% of DMSO was used as a 
vehicle control due to the known toxicity of the DMSO observed by researchers who have 
analysed the sublethal toxicity of DMSO (Y. Huang et al., 2018). One embryo (5 hpf) per well 
in a 24-well plate was introduced to 2 mL of the E3 embryo media as a control and 
predetermined concentrations of 1-HCHPK. Each concentration contained triplicates of 20 
embryos. The standard FET test was conducted as per the procedure detailed in Section 2.4.5. 
The results were recorded every 24 hours for 96 hours, and the results obtained at the 96-hour 
mark were used to identify the toxicity of the compound of interest. 0.001% DMSO was used 
as a vehicle control to observe any adverse effects that occurred due to the use of DMSO as the 
1-HCHPK solvent. 
The concentrations tested were 0, 12.5, 25, 50, 100, 150, and 200 mg/L of a 1-HCHPK pure 
compound. 
3.3. Results  
3.3.1. Three-dimensional printing polymer leachate extraction 
Compared to the requirements of the Form Labs instruction sheet, the FormLabs company own 
curing cabinet (see Figure 3.1-B) requires a 405nm wavelength ultraviolet (UV) light for the 
proper post-curing of the printed objects from the Form I SLA system (Zguris, 2016). Results 
of the spectrometric readings obtained on UV lamp of the biosafety cabinet for its UV emission 
is shown in the Figure 3.2, the UV light of the biosafety cabinet emission graph shows a peak 
above 1,000 cpm in the 403–407 nm range allowing the post-printed objects to be cured.  
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Figure 3.2. Ultraviolet light emission of the biosafety cabinet UV light with an emission peak at a wavelength of 
403–407 nm.  
Results obtained from zebrafish FET test conducted using all three extracts obtained from one, 
two, and three polymer cubes, 100% motility of the test embryos was observed within the first 
24 hours. As shown in Figure 3.3, GC-MS has proven increased toxicant leaching with higher 
surface area. Due to the higher toxicity of the extracts observed, only one polymer cube per 
250 mL of Milli-Q water was chosen as the standard for future experiments. 
 
Figure 3.3. Gas chromatography–mass spectrometry results of Form 1 polymer extracts taken with different 
surface areas of the 3D printed material per 250 mL of Milli-Q water. 
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3.3.2. Chemical analysis 
3.3.2.1. Gas chromatography–mass spectrometry identification and 
quantification of the chemicals 
As per the results obtained from the GC-MS analysis of the polymer leachate obtained from 
the 3D printed object of Form 1 clear resin, eight chemicals were identified (see  
Table 3-1), and looking at the Figure 3.4 chromatogram, the chemical identified as 1-HCHPK 
presented a significantly high peak in the chromatogram that was identified with a 97% 
similarity score in the NIST08 database, identifying it to as the major component of the extract 
(see Figure 3.4). This identified component 1-HCHPK was recognised as a known cytotoxic 
compound by the previous research literature (Kawasaki et al., 2015; Yamaji, Kawasaki, 
Yoshitome, Matsunaga, & Sendo, 2012).  
 
Figure 3.4. The GC-MS chromatograms obtained using Form1 clear resin post-cured polymer extract. (Top) The 
GCMS chromatogram with all the peaks corresponding to chemicals detected. (Bottom) The mass spectrum of 
the identified major chemical 1-HCHPK with a 97% match to the database entry. 
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Table 3-1.Compounds identified by the GC-MS form the sample containing Form 1 clear resin post-cured polymer 
extract. Compounds identified with a similarity score of at least 80 were considered for presentation in the table. 
Compound  RT Score Purpose 
Diphenyl sulphide 16.758 91.2 Initiator of or possible metabolite 
of an initiator such as 4-benzoyl-4'-
methyl diphenyl sulphide 
Dicumyl peroxide 7.232 90.57 Thermal initiator 
 
Benzoic acid, 2,4,6-trimethyl-
, 
trimethylsilyl ester 
14.903 89.99 Additive stabiliser 
Methanone, (1-
hydroxycyclohexyl)phenyl- 
18.483 87.77 Photopolymerisation initiator 
2-Ethyl-2-phenylaziridine 18.123 82.6   
mesityl-acetone 18.428 82.18   
3-Methylene-1-
oxaspiro[4.5]decan-2-one 
13.879 81.74 Additive to minimise shrinkage 
 
Quantification of 1-HCHPK was conducted using GC-MS using the same protocols as 
discussed in the section 2.12. From the results obtained, the area of the GC-MS peak and the 
known concentrations of the pure compound were used to develop a standard curve with an R2 
value of 0.0998. 
On developing the standard curve with the help of a pure 1-HCHPK compound, the equation 
used to obtain the compound of interest in the extract was derived as y = 476,743x + 875,916. 
Using the area of the peak gained corresponding to 1-HCHPK for the three replicates of the 
leachate, the presence of 1-HCHPK in the extract was calculated to be 212.16 mg/L (See Figure 
3.5). 
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Figure 3.5. Standard curve obtained using GC-MS values obtained by analysing a pure 1-HCHPK compound 
and calculating the presence of 1-HCHPK in the polymer extract (212.16 mg/L). 
3.3.2.2. Gas chromatography–mass spectrometry analysis of 3D printing 
polymer leaching rate 
Due to the importance of the 1-HCHPK rate of leaching and stability of the compound to the 
continuation of the research leachate extraction and stability experiment was conducted as 
illustrated in section 3.2.1.2. Based on the results shown in Figure 3.6, it is clear that polymer 
leachate was stable during the 10 days, because it showed no significant change during this 
time. The extraction conducted by changing the Milli-Q water every 24 hours with a single 
cube indicated a reduction of the 1-HCHPK in the leachate during the 10 days. This showed a 
large amount of 1-HCHPK extracted within the first two days, and a drastic decrease in the 
following days. The determination of the 1-HCHPK saturation during the extraction using 10 
cubes demonstrated that the aqueous solution did not get saturated on the first day. After three 
days, the rate of 1-HCHPK accumulating in the extract reduced considerably, aligning with the 
results of the extractions conducted with single cube. 
110 
 
 
Figure 3.6. Polymer extraction analysis. (Cube 1) Results of the individual leaching of the polymer every 24 
hours. (Cube 4) Study of the stability of the polymer leachate. (Cube 10) Determination of the saturation of the 
1-HCHPK on extract. 
3.3.3. Toxicity testing of 3D printing polymer extract 
3.3.3.1. Microtox test 
Toxicity of the 3D printing polymer leachate tested on Aliivibrio fischeri results are shown in 
Figure 3.7, the increase in toxicity from 25% of the extract to 100% of the extract can be clearly 
observed via the decrease in luminescence. Even though a decrease in luminescence occurred 
between 25% and 50% of the extract, there was not a large difference, but it was less than 30% 
compared to the control bacteria’s production of bioluminescence. The experimental results 
indicate a 50% decrease in bioluminescence production in the 100% extract, indicating high 
toxicity of the polymer leachate. 
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Figure 3.7. Microtox 500 test results obtained using Aliivibrio fischeri to observe the toxicity of the polymer 
leachate. Results are shown as mean ± S.E, n = 3, statistical significance is presented as P < 0.05. 
3.3.3.2. Paramecium toxicity  
Paramecium toxicity test conducted using on Paramecium caudatum polymer leachate is 
displayed in Figure 3.8. The highest concentration of the leachate resulted in less than 10% 
survival of the test organisms. Toxic extract concentrations from 40–80% showed increasing 
toxicity towards Paramecium caudatum, but 20% of the extract showed no toxicity in the test 
subjects, and the survival rate of those subjects was observed to be same as that of the control 
organisms. 
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Figure 3.8. Results of the Paramecium caudatum survivability test conducted using polymer leachate. Results 
are shown as mean ± S.E, n = 6, statistical significance is presented as P < 0.05.  
 
3.3.3.3. Daphnia magna toxicity test 
The 48-hour exposure of Daphnia magna to polymer leachate results are shown in Figure 3.9. 
Results clearly shows toxicity in the 100% extract with total demise of the test organisms and 
80% polymer leachate showing less than 10% survival at this point in time. Even 40% and 60% 
concentrations show increasing toxicity towards 80% of the leachate. Only the 20% toxic 
extract allowed survival almost identical to that of the control subjects.  
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Figure 3.9. Survival percentage of the Daphnia magna after 48 hours of exposure to the predetermined polymer 
leachates with regard to control organisms. Results are shown as mean ± S.E, n = 6, statistical significance is 
presented as P < 0.05. 
 
3.3.3.4. Rotifer toxicity test 
Rotifer toxicity of the polymer leachate was tested using Brachionus calyciflorus. The results 
obtained at the end of 24 hours showed extreme toxicity (100% lethality) of the 80% and 100% 
concentrations of the extract. Even the 40% and 60% extract concentrations showed an increase 
in toxicity towards the 100% extract. For the 20% leachate, this experiment showed results 
similar to the Daphnia magna toxicity with no lethality, similar to the control organisms 
(Figure 3.10). 
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Figure 3.10. 24-hour toxicity test using Brachionus calyciflorus, a pseudocoelomate organism, to observe the 
toxicity effect of the polymer leachate. Results are shown as mean ± S.E, n = 3, statistical significance is 
presented as P < 0.05. 
 
3.3.3.5. Zebrafish embryo toxicity test (FET) 
According to the results obtained from the zebrafish FET test after 96 hours of exposure to the 
polymer leachate, embryos showed high toxicity up to a concentration of 20% extract, at which 
point they showed 100% embryo mortality (see Figure 3.11). Even though 5% extract showed 
no toxicity, 10% and 15% of the extract showed increasing toxicity in the embryos. 
Additionally, it was observed that within 24 hours of exposure, embryos exposed to 40–100% 
leachate were killed, demonstrating extreme toxicity towards the zebrafish embryos. The 
Toxrat analysis LC50 value of the extract was observed as 10.98% of the extract concentration 
(see Figure 3.12). 
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Figure 3.11. Survival of the 5-hpf zebrafish embryos after 96 hours of exposure to the Form 1 polymer resin 
extract. Results are shown as mean ± S.E, n = 3, statistical significance is presented as P < 0.05. 
 
 
Figure 3.12. Survival of the 5-hpf zebrafish embryos after 96 hours of exposure to the Form 1 polymer resin 
extract, with the Toxrat analysis LC50 value were obtained as a 10.98% of the extract. 
 
116 
 
3.3.3.6. i-FET toxicity test on zebrafish embryos  
The results obtained using the iFET index for sublethal toxicity testing op polymer leachate 
exposure on zebrafish embryos reveals that the LC50 value for the FET test, which was 10.98% 
(see Figure 3.12) of the extract is higher than the sublethal EC50 value obtained in the iFET 
test, which is 9.00% (see Figure 3.13). This indicates higher sensitivity of the sublethal 
parameters observed with this toxicant; nevertheless, this shows the extreme toxicity of the 
polymer leachate that is subjected to testing using zebrafish embryos.  
 
Figure 3.13. Results of the sublethal toxicity (iFET) test conducted using 5-hpf zebrafish embryos, revealing the 
EC50 value of the 9.00% polymer extract. 
 
3.3.4. Zebrafish embryo toxicity (FET) of 1-HCHPK 
In identifying 1-HCHPK to be the most predominant toxic compound in the polymer leachate, 
zebrafish embryo FET test was conducted to demonstrate the contribution of 1-HCHPK 
towards embryo lethality. The results provided in Figure 3.14 show 100% mortality in a 200 
mg/L concentration and dose-dependent toxicity change in zebrafish embryos in reduced 
concentrations. The 0.001% DMSO used as a vehicle control did not shown any toxicity, and 
the results were similar to the control embryo survival. The linear regression results obtained 
with the Toxrat software using the toxicant data shows the LC50 value of 1-HCHPK for 
117 
 
zebrafish embryos to be 60.76 mg/L, and the LC10 was found to be 16 mg/L (Figure 3.15). This 
confirms the predicted toxicity of the cytotoxic compound 1-HCHPK. 
 
Figure 3.14. Toxicity results of the 1-HCHPK pure compound obtained using a zebrafish embryo toxicity test 
with a 96-hour observation. Results are shown as mean ± S.E, n = 3, statistical significance is presented as P < 
0.05. 
 
Figure 3.15. The FET test results of the 96-hour zebrafish embryo toxicity test on the 1-HCHPK pure compound 
after Toxrat software analysis. 
118 
 
 
3.4. Discussion  
The vast amount of plastic produced and common use of plastic products have led to used 
plastic being a major global pollutant (Elvers, 2016; Gourmelon, 2015). Polymers and polymer 
additives used in plastic production have had their toxicity demonstrated in multiple research 
publications, proving their adverse effects to biological entities (Derraik, 2002; Hammer et al., 
2012). Additive manufacturing is a novel technique that has been adopted by many industries 
(as discussed in Section 1.4) that uses polymers and polymer additives in various 
manufacturing processes. The importance and rapid development of the additive 
manufacturing industry has opened a novel area of environmental research in studying and 
understanding the toxicity of components used in polymer production as well as the products 
themselves. Moreover, evaluating the environmental fate of the used products and the toxicity 
of the leachate extracts from the finished products is critical (Mitchell & Wlodkowic, 2018).  
Although some of the resins, polymers, and additive components used in 3D printing have been 
identified to manifest toxicity towards aquatic organisms (Autodesk, 2016; Vertex-Dental, 
2015), by-products of 3D printing such as empty containers with trace amounts of resins, 
unused out-of-date resins, leachates derived through post-processing, and contaminants from 
3D printed products exposed to high-affinity solvents have not been meticulously investigated. 
In this project, leachates obtained from objects printed with the FormLabs Form 1 SLA system 
using Form 1 clear resin were tested for their environmental toxicity, for identifying the major 
toxic components in the leachate and the rate of extraction in the aquatic system.  
SLA 3D printing technology is known to use resins containing multiple polymer components 
and additives in manufacturing polymerised products (Cooke et al., 2003; Gross et al., 2014; 
Hofmann, 2014). Among these components, the toxicity of photoinitiators, additives, and 
monomer components has been demonstrated. Photoinitiators are used in SLA resins to 
polymerise photoreactive polymer components, developing solid products that also can result 
in high-energy free radicals (Mitchell & Wlodkowic, 2018). The present study conducted 
chemical analysis using a GC-MS analytical tool to identify and quantify the potential main 
toxic substance present in the leachate. Upon assessing the polymer leachate, the 
dichloromethane fraction of the freeze-dried leachate was subjected to GC-MS analysis and a 
chromatogram was acquired with multiple peaks corresponding to the different chemicals 
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(see Figure 3.4). These data were used to identify the individual compounds in the leachate 
using the inbuilt chemical database NIST08; the identified chemicals are listed in  
Table 3-1.  
Among these peaks and identified chemicals, 1-HCHPK was found to be the most prominent 
compound, as shown in Figure 3.4. In studying the former literature, 1-HCHPK was found to 
be a cytotoxic compound and a known photoinitiator; therefore, it was used as the compound 
of interest to conduct the toxicity work to explain the polymer leachate’s toxicity. Research 
conducted on the human monocyte cytotoxicity of the polymerisation agent 1-HCHPK in 2012, 
the research done on ‘Variable cytocompatibility of six cell lines with photoinitiators used for 
polymerising hydrogels and cell encapsulation’ in 2005, and the SDS of 1-hydroxycyclohexyl 
phenyl ketone published by Sigma-Aldrich have all demonstrated the toxicity of 1-HCHPK 
(Sigma-Aldrich, 2014; C. G. Williams, Malik, Kim, Manson, & Elisseeff, 2005; Yamaji et al., 
2012). These results, representing the toxic components in the leachates of 3D printing 
polymers, are consistent with the results of Zhu et al. (Feng Zhu, 2016). Given the high 
presence of 1-HCHPK in the polymer leachate and its known toxicity, 1-HCHPK in the 
leachate was quantified as 212.16 mg/L using the GC-MS chemical analyser (see Figure 3.5).  
The leaching efficiency and stability of the leachate were determined by developing and 
conducting three separate extractions and GCMS analyses, as explained in subsection 3.3.2.2. 
Upon quantification of the results of these experiments, it was clear that the 1-HCHPK 
compound remained stable for up to 10 days in the dark (see Figure 3.6), after which the 1-
HCHPK showed no sign of degradation in the leachate, which demonstrated its stability. 
Therefore, the experiments conducted in this study were planned to take less than 10 days. 
Furthermore, the results revealed that the leaching rate of 1-HCHPK decreased as the days 
passed. One more important observation was the unsaturation of the 1-HCHPK in the aqueous 
leachate within the first 24 hours of extraction. The rate of the 1-HCHPK extraction was lower 
when it was subjected to continuous extraction for 10 days, compared with the experiment 
conducted with daily renewed Milli-Q water. This means that in a stagnant amount of aqueous 
solution where 1-HCHPK is moving towards saturation, the rate of extraction decreases (see 
Figure 3.6).  
The lethality of the polymer leachate was tested using standard ecotoxicological testing 
methods, zebrafish embryos (FET tests), Daphnia magna, Brachionus calyciflorus, 
Paramecium caudatum, Aliivibrio fischeri, and one sublethal toxicological (iFET) test using 
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zebrafish embryos. The 100% extract resulted in total demise (100%) in all five lethality tests 
(see Figure 3.7 to Figure 3.13). Previously published research work demonstrated zebrafish 
embryos as a proxy model for the toxicity analysis of 3D printed polymer leachates (Autodesk, 
2016; de Almeida Monteiro Melo Ferraz et al., 2018; Macdonald et al., 2016; Oskui et al., 
2015). The toxicity of the zebrafish embryos increased with increases in the extract 
concentration applied to the 96-hpf embryos. In this experiment, up to 20% of the polymer 
extract showed 100% lethality (see Figure 3.11). The high toxicity of the extract indicated in 
the FET test resulted in an LC50 value of 10.98% of the leachate (see Figure 3.12). The results 
obtained from the iFET test conducted using the developmental abnormalities explained in 
subsection 2.4.7 combined with the lethal endpoints of zebrafish embryos demonstrated an 
EC50 value of 9% leachate (see Figure 3.13). When compared with the pure lethal effect (FET) 
on the 50% of the embryo population (LC50) to be 10.98%, as expected, the EC50 value was 
found to be more sensitive. This was due to the higher sensitivity of the developmental toxicity 
over lethal concentrations observed, as per the previous work conducted on ‘Endocrine and 
physiological effects of linuron and S-metolachlor in zebrafish developing embryos’ in 2017, 
‘Development of chorion-less zebrafish embryos in millifluidic living embryo arrays’ in 2017, 
and ‘Assessment of Ozone or Not-Treated Wastewater Ecotoxicity Using Mechanism-Based 
and Zebrafish Embryo Bioassays’ in 2018 (Fuad, Kaslin, & Wlodkowic, 2017; Quintaneiro, 
Patrício, Novais, Soares, & Monteiro, 2017; Wigh et al., 2018). 
Using multiple organisms, Daphnia magna and Brachionus calyciflorus have been used by 
researchers for investigating the toxicity and biocompatibility of polymer products developed 
using 3D printing with substantial positive results on toxicity of the test chemicals (Autodesk, 
2016; Palomba et al., 2015; Vertex-Dental, 2015). The dose-dependent toxicity test conducted 
using Daphnia magna resulted in 100% mortality for the pure extract and below 10% survival 
in the 80% extract. The 20% extract concentration allowed 100% survival of the organism, 
with increased toxicity corresponding to the increasing extract concentrations (see Figure 3.9). 
The rotifer toxicity test conducted using Brachionus calyciflorus showed 100% mortality in 
the two highest extract concentrations (80% and 100%), with decreasing toxicity corresponding 
to decreasing leachate concentrations leading up to 10% survival in the 20% extract (see Figure 
3.10).  
Paramecium caudatum belongs to the genus Paramecium of the phylum Ciliophora. They are 
approximately 250 nm in length and are ciliated, unicellular organisms (Wichterman, 2012). 
This species is known to be used for environmental risk assessment, toxicology testing, 
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ecological risk assessments, and observation of behavioural changes (Amanchi, 2010; Miyoshi 
et al., 2003). The unicellular organism Paramecium caudatum displayed severe toxicity in the 
presence of the leachate within 24 hours, resulting in over 90% lethality of the total test 
population in the 100% extract and decreases in toxicity with declining polymer extract 
concentrations (see Figure 3.8).  
Aliivibrio fischeri, a gram-negative, rod-shaped, bioluminescent bacterium found in marine 
water that produces bioluminescence, has been used as a common toxicological test organism 
in environmental toxicology (Czech, Jośko, & Oleszczuk, 2014; Johnson, 2005). Results 
obtained in the Microtox 500 toxicity test conducted showed a dose-dependent toxic effect of 
the polymer leachate with increasing concentrations, reducing the percentage of luminescence 
produced within the organisms (see Figure 3.7). All these toxicology results obtained from six 
experiments using five organisms proved that the extract tested was biologically toxic, aligning 
with the research conducted by Feng Zhu et al. (2015). Additionally, these results provided 
extra information about the dose-dependent toxicity of the extract and two new organisms’ 
toxicity data (Mitchell & Wlodkowic, 2018; Feng Zhu, Timo Friedrich, et al., 2015). 
Having established the toxicity of the leachate and the presence of 1-HCHPK as the main 
component of the leachate, as well as having gathered information about the cytotoxicity of the 
compound, the next logical step was to confirm the biological toxicity of 1-HCHPK. Since 
zebrafish embryos are the most sensitive organism out of the five biological test subjects tested 
for polymer leachate lethality (expect for zebrafish embryos, all the other organisms showed 
statistically significant toxicity of the leachate < 20% exposure, mean vile zebrafish showed 
statistically significant toxicity of the leachate ≤ 10% exposure on the embryos), the zebrafish 
embryo toxicity test was conducted to observe the biological toxicity of the photoinitiator 
compound. The FET test results regarding 1-HCHPK showed increasing dose-dependent 
toxicity with increasing 1-HCHPK concentrations. The observed LC50 value was 60.76 mg/L 
and LC10 was found to be 16 mg/L (see Figure 3.14 and Figure 3.15). These results demonstrated 
the pre-existing knowledge on cytotoxicity of the compound explained by previous research 
groups (Mitchell & Wlodkowic, 2018; C. G. Williams et al., 2005; Yamaji et al., 2012).  
This chapter proves the toxicity of the leachate obtained through products developed by 
FormLabs Form 1 SLA system using Form 1 clear resin. This was achieved using six 
environmental toxicology experiments that employed five commonly used organisms, with the 
most sensitive organism to the polymer leachate toxicity being zebrafish embryos. These 
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experiments also identified and quantified the main toxic component of the leachate, 1-
HCHPK, a known cytotoxic compound, using GC-MS analysis. This led to a higher degree of 
knowledge concerning the rate of leachate extraction and stability in relation to 1-HCHPK in 
the leachate.   
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Chapter 4. Exploration of the Developmental 
Toxicity of 3D Printed Plastic Additives 
 
4.1. Introduction 
The confirmed toxicity observed in Chapter 3 of 3D printing polymer Form 1 clear 
photoreactive resin and collaborative data obtained from relevant research (Macdonald et al., 
2016; Palomba et al., 2015) demonstrated that further understanding of the polymer leachate 
was necessary. The application of mechanistic studies to biological organisms to further 
understand the toxic effects of various compounds has been used in previous toxicological 
research (K. Li et al., 2017; Parng et al., 2004; Parng et al., 2006; S. Pereira et al., 2013).  
Developmental abnormalities have been observed in zebrafish exposed to 3D printing polymer 
and polymer additives because of their toxicity. Oskui et al. used zebrafish embryos to study 
3D printed parts’ toxicity after different cleaning procedures and observed developmental 
abnormalities, including reduced embryo length, delayed swim-bladder development, and heart 
and yolk sac oedemas on the exposed embryos (Oskui et al., 2015). Another research study 
conducted by Macdonald et al. showed multiple developmental defects (enlarged yolk 
extension, darkening of yolk sac, lack of eye and pigmentation) corresponding to zebrafish 
embryos exposed to polymer products developed using the 3D printing polymers 
VisiJetCrystal EX200 and Watershed 11122XC (Macdonald et al., 2016). Furthermore, 
developmental changes observed in bovine embryos exposed to devices produced using 
PIC100, E-Shell200, E-Shell300, polydimethylsiloxane, and PS 3D printing polymers. The 
embryo development in all polymers (except PS) showed oestrogen receptor transactivation 
and PIC100 inhibited oocyte maturation and embryo cleavage (de Almeida Monteiro Melo 
Ferraz et al., 2018). Even though not much research has been conducted on 3D polymer embryo 
developmental toxicity, the results illustrated above demonstrate the toxicity of the polymers 
and polymer leachates, urging more comprehensive studies.    
In biological systems, high-energy molecules such as free radicals and nonradical molecules 
are produced via metabolic activities (known as ROS as well as ROIs) and induce oxidative 
stress. Oxyradicals or oxygen free radicals develop due to ROS-initiating chemicals that are 
harmful to the cells; to protect cells, enzymatic defence mechanisms such as superoxide 
dismutase and catalase production have been developed at the cellular level (Hu, Liang, Chen, 
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& Wang, 2009). Furthermore, because of oxidative stress, multiple adverse effects can be seen 
in living cells, including DNA damage, protein carbonylation, and lipid peroxidation 
(Maharajan et al., 2018). The induction of oxidative stress is further discussed in subsections 
1.3.1.1 and 1.5.3. 
Studies have shown that toxic compounds are known to increase the production of ROS, and 
changes in ROS are known to induce apoptosis (Circu & Aw, 2010; Kannan & Jain, 2000; 
Parng et al., 2006; Ryter et al., 2007). Multiple experiments have been conducted to identify 
and report changes in ROS production using various indicators such as superoxide dismutase, 
catalase, glutathione S-transferase, lipid peroxides, and protein carbonyl (Alomar et al., 2017; 
Lenz, Costabel, Shaltiel, & Levine, 1989; Levine et al., 1990; Maharajan et al., 2018; Qiu et 
al., 2016; M. Wu et al., 2011). Identifying alterations of aforementioned ROS defence 
mechanisms or damage caused by ROIs provides information on the induction of oxidative 
stress eventually leading to cell death (see subsection 1.5.5.1); these tests are some of the 
commonly conducted experiments adopted in the present study.  
Oxidative stress in cells can develop from the high production of superoxide radicals 
(O2−)(Fridovich, 1995). As previously discussed, these high-energy molecules can critically 
damage cellular organelles. Superoxide dismutase is an enzyme produced by cells as a defence 
mechanism to convert toxic superoxide radicals into less toxic components (Fridovich, 1972). 
In the normal cellular metabolic process, hydrogen peroxide (H2O2) is produced. Additionally, 
H2O2 was produced when converting superoxide radicals by SOD (McCord & Fridovich, 
1969). Catalase is known to convert H2O2 into harmless H2O and O2. Hence, alterations of 
catalase activity can be used as an indicator for oxidative stress (Winston & Di Giulio, 1991). 
GST has been identified as another enzyme that acts as a defence mechanism against oxidative 
stress. Acting as a defence mechanism, GSTs are capable of detoxifying secondary ROS 
products. Furthermore, they are capable of conjugating a wide range of endogenous and 
exogenous substrates such as xenobiotic compounds and peroxidised lipids with glutathione 
(GSH). These conjugations covert lipophilic compounds into more hydrophilic and less toxic 
compounds that can be transported out of the cells and subsequently excreted from the 
organism without damaging the cellular components (Rushmore & Pickett, 1993; Veal et al., 
2002). Investigating GST activity modifications in an organism in the presence of a toxic 
component can be used as an indication of oxidative stress in zebrafish embryos (Dong et al., 
2013; Hassan et al., 2012). Lipid peroxidation is a by-product of enhanced ROS production, 
which can be used as a sign for oxidative stress. Products of lipid peroxidation caused by ROS 
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activity are known to be cytotoxic, hence the induction of oxidative stress. (Guéraud et al., 
2010; Marnett, 1999). A review published by Daniel del Rio et al. (2005) provided a detailed 
discussion of the interaction of MDA, a product of lipid peroxidation in the presence of DNA, 
and proteins regarding its toxicity and how it contributes to mutagenic, carcinogenic effects. 
Additionally, it discussed the detection methods currently used in studying MDA (Del Rio, 
Stewart, & Pellegrini, 2005). Hence, this compound is a commonly used biomarker for lipid 
peroxidation occurring due to oxidative stress. Furthermore, cellular protein damage could 
result in elevated levels of ROS and can also be used as an indicator for oxidative stress. ROS 
such as hydroperoxyl (HO2•), hydroxyl (OH•), superoxide (O2•−), and hydrogen peroxide 
(H2O2) are capable of degrading proteins through protein carbonylation (Halliwell & 
Gutteridge, 1999; Levine et al., 1990). As a result of protein damage due to ROS, carbonyl 
groups such as aldehydes and ketones are produced on the side chains of the damaged proteins. 
The change in the protein structure is initiated by hydroxyl irons, and the oxidation process is 
determined and controlled by the availability of O2 (Berlett & Stadtman, 1997; Shanlin, 
Stocker, & Davies, 1997). These chemically stable carbonyl groups have been used as an 
indicator of ROS damage (Levine et al., 1990). 
As per the results in Chapter 4, zebrafish embryos were the most sensitive organism that the 
polymer leachate was tested on. Early zebrafish life stages have been tested against adult fish 
and found to be more sensitive and informative in toxicity studies (Domingues et al., 2010; R. 
Oliveira, Domingues, Grisolia, & Soares, 2009). Zebrafish embryos have been used as model 
organisms extensively in the mechanistic exploration of toxicant effects by previous 
researchers, as discussed on multiple occasions in the introduction (Chapter 1). Furthermore, 
the environmental toxicity effect of polymer components that leads to cell apoptosis and 
zebrafish as a proxy model for apoptotic studies has been studied by researchers using various 
techniques, as discussed in subsections 1.5.7 to 1.5.7.2 . Hence, zebrafish embryos were used 
as the proxy model for further experiments conducted on the Form 1 clear photoreactive resin. 
This chapter focuses on exploring the toxicity effects of polymer leachate and 1-HCHPK on 
zebrafish embryos via developmental deformities, oxidative stress, and cellular apoptosis using 
numerous biological assays. 
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4.2. Materials and methods  
4.2.1. Biological test specimens 
The results obtained in subsection 3.3.3 indicate that zebrafish embryos are the most sensitive 
test subjects among all the biological organisms exposed to the polymer leachate. This factor 
was taken into consideration when choosing zebrafish embryos as the most logical test subject 
for further exploration of 3D-printed plastic leachate toxicity. In this chapter, wild-type 
zebrafish embryos (Danio rerio, Tübingen strain) and transgenic zebrafish embryos with 
Annexin-V GFP indicators Tg(-3.5ubb:secANXA5-mVenus) (Morsch et al., 2015) were used. 
Experiments were conducted on zebrafish embryos obtained according to the method described 
in subsection 2.4.5, and viable embryos were sorted and stored in an incubator in the dark at 
28℃ until the experiment commenced. Furthermore, 5-hpf embryos were used for all the 
experiments described as follows unless otherwise specified in the experimental methods. 
For the experiments, 16 and 60 mg/L of 1-HCHPK were used, because these values are LC10 
and LC50 values obtained from the 1-HCHPK zebrafish embryo FET test (see subsection 3.3.4). 
For the experiments conducted on the polymer leachate, 10% and 20% concentrations of the 
leachate were used; 10% was the LC50 from the zebrafish embryo toxicity test experiment (see 
subsection 3.3.3.5), and 20% was used to get closer to a concentration of 60 mg/L of 1-HCHPK 
(the LC50 of 1-HCHPK) in the leachate (the 100% extract was 212.16 mg/L; see Figure 3.5). 
Moreover, the 25% leachate was found to be highly toxic to the embryos. Polymer leachate 
and 1-HCHPK concentrations were provided in the experimental methods in instances where 
different concentrations were used in the experiments. 
4.2.2. Zebrafish embryo developmental toxicity and hatching rate observations 
of the 3D printing polymer leachate 
Wild-type zebrafish embryos (5 hpf) were obtained as explained in subsection 2.4.5 and 
exposed to preprepared polymer leachate concentrations (5, 10, 15, 20, and 30%). Each 
concentration was tested on 40 embryos, and each embryo was exposed to 2 mL of leachate/E3 
embryo media at 28℃ in the dark for 48 hours. After 48 hours of incubation, the number of 
embryos hatched among the control and leachate-exposed test subjects were recorded. 
Furthermore, developmental abnormalities were observed during the test period. Clear visual 
deformities of the embryos were imaged, and the recorded results were graphed as a percentage 
of the live embryos after 48 hours of exposure. 
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4.2.3. Measurement of oxidation-reduction potential (ORP) 
To determine the ORP of the test chemical solutions, they were tested using a PC 
spectrophotometer 781 pH/Ion Meter (Metrohm Australia, Gladesville, Australia) with the 
method explained in Section 2.11. The ORP values of the Milli-Q water, 100% extract in Milli-
Q water, 100% extract in E3 embryo media, 300 mg/L 1-HCHPK in Milli-Q water, and 300 
mg/L 1-HCHPK in E3 embryo media were tested and recorded. 
4.2.4. Biochemical analyses for oxidative stress 
Supernatant samples for the biochemical analysis were obtained using the method explained 
in subsection 2.5.1. Wild-type zebrafish embryos were exposed to controls (E3 embryo media 
and positive controls), 16, 60 mg/L of 1-HCHPK, and 10%, 20% of leachate, supernatants 
obtained were used instantaneously for the biochemical assays. 
4.2.4.1. Superoxide dismutase (SOD) activity assay 
One of the ROS that is overproduced because of changes in the oxidative stress of a cell is 
superoxide radicals (O2
−) (Fridovich, 1995). SOD activity in the cells was determined by 
observing the reduction of cytochrome c in the presence of superoxide radicals, which was 
detected on a plate reader at 550 nm (Abele et al., 2011). Embryos exposed to 100µg/L of lead 
with E3 embryo media for 48 hours were used as a positive control for the experiment, and the 
experimental procedure was conducted using the technique explained in subsection 2.5.3. 
4.2.4.2. Catalase (CAT) activity assay 
Hydrogen peroxide (H2O2) is produced in normal metabolic process and used as an ROS 
indicator in the presence of oxidative stress changes (Winston & Di Giulio, 1991). Catalase is 
an enzyme produced and frequently used in cells as a defence mechanism to convert H2O2 into 
nontoxic H2O and O2, protecting the cells from the damage that could be caused by oxidative 
stress (Winston & Di Giulio, 1991). In the present study, changes in catalase production in the 
presence of the polymer extract and 1-HCHPK were measured using the technique illustrated 
in subsection 2.5.4. Embryos exposed to 100µg/L of lead for 48 hours were used as a positive 
control in the experiment. 
4.2.4.3. Glutathione-S-transferase (GST) activity assay 
The third enzyme observed related to the defence mechanism against oxidative stress is GST, 
which is known to detoxify the secondary ROS products generated by free radicals interacting 
with cellular components (Veal et al., 2002). In this experiment, GST activity was measured 
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by adopting the technique described in subsection 2.5.5. Supernatant extracted from the 
embryos exposed to 100µg/L of lead for 48 hours were used as a positive control. 
4.2.4.4. Lipid peroxidation assay 
The MDA test was used to determine the lipid damage caused by oxidative stress in the 
presence of polymer leachate and 1-HCHPK. In the presence of ROS, lipid molecules in the 
cells undergo oxidative digestion known as lipid peroxidation; this lipid peroxidation results in 
LPOs that could be toxic to cellular originals (Guéraud et al., 2010; Marnett, 1999). These 
secondary products of oxidative stress can be used to identify the presence of ROS, which in 
turn reveals the presence of oxidative stress. MDA is an organic molecule created in the 
presence of free radicals by the lipid peroxidation of polyunsaturated fatty acids (Guéraud et 
al., 2010; Pryor & Stanley, 1975). To identify the oxidative damage caused by ROS to lipids 
of zebrafish embryos in the presence of polymer extracts and 1-HCHPK, an MDA assay was 
used as illustrated in subsection 2.5.6. Embryos exposed to 10 mM H2O2 for 48 hours in 
triplicate were used as positive controls. 
4.2.4.5. Protein carbonyl assay  
Oxidative stress induced by ROS leads to the oxidation of cellular proteins through protein 
carbonylation. Free radical ROS and non-free-radical high-energy molecules produced as a 
result of oxidative stress are involved in protein oxidation (Halliwell & Gutteridge, 1999; 
Levine et al., 1990). As a result of the protein damage caused by ROS, carbonyl groups are 
produced on the damaged proteins; such groups are known to be chemically stable, and 
identifying and quantifying them can be used as an indicator of ROS damage (Levine et al., 
1990). This experiment used the method described in subsection 2.5.7 to determine the protein 
damage caused by polymer leachate and 1-HCHPK, and protein carbonyl production was used 
as an indicator for oxidative stress. Fifty zebrafish embryos each in three Petri plates were 
exposed to 10 mM H2O2 for 48 hours in the dark at 28℃ were used as positive controls. 
 
4.2.5. Whole-mount immunohistochemistry (caspase-3 assay) 
A whole-mount Caspase-3 immunohistochemistry assay was conducted using 5 hpf wild-type 
zebrafish embryos (Danio rerio, Tübingen strain). The pan-kinase inhibitor z-VAD-fmk at 
300uM was used on the embryos to inhibit the activity of caspase-3, eventually inhibiting 
apoptosis. Ten embryos each were incubated in the control (E3 embryo media), control 
recovery (E3 + caspase inhibitor), positive control (200 ug/L staurosporine), 20% polymer 
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extract, 20% polymer extract recovery (20% extract + caspase inhibitor), 60 mg/L 1-HCHPK, 
and 1-HCHPK recovery (60 mg/L 1-HCHPK + caspase inhibitor) solutions for 24 hours at 
28℃ in the dark. The experiment was conducted using the technique explained in Section 2.6 
4.2.6. Externalisation of phosphatidylserine residues (Annexin A5 affinity) 
assay 
To identify the effect of ROS on the cellular apoptosis that occurs from exposure to polymer 
extract and 1-HCHPK, they were tested on Tg(-3.5ubb:secANXA5-mVenus) annexin-V GFP-
embedded zebrafish embryos. Post-fertilised 5-hpf embryos were exposed to 10% and 20% 
polymer extracts, 16 and 60 mg/L 1-HCHPK, the positive control (10 mM of H2O2), and the 
negative control (E3 embryo media). Reduction in ROS development was achieved using 
ascorbic acid (80 mg/L) in combination with 10% and 20% polymer extract and 16 and 60 
mg/L 1-HCHPK solutions. The experiment to quantify the externalisation of 
phosphatidylserine residues was conducted according to the test method described in Section 
2.7. 
4.3. Results  
4.3.1. Zebrafish embryo developmental toxicity and hatching rate observations 
of the 3D printing polymer leachate 
Developmental changes observed within 48 hours of exposure to the leachate, as well as 
hatching rates, are provided in Figure 4.1. The observed 48-hpf control embryos in the E3 
embryo medium and the embryos exposed to 5% polymer extract showed no developmental 
abnormalities (see Figure 4.1-C). Embryos exposed to the 10% polymer extract showed less 
than 10% developmental abnormalities; moreover, embryos exposed to 15% polymer extract 
and above showed over 60% developmental abnormalities, with 30% leachate-exposed 
embryos having 100% developmental abnormalities (see Figure 4.1-A). All embryos 
introduced to polymer extracts higher than 30% were deceased by 48 hours of exposure. The 
developmental deformities observed in the embryos were PO, spinal deformities (SD), loss of 
pigmentation (LP), yolk sack oedema (YO), abnormal development of the embryo head 
(ADH), and tail developmental abnormalities (TDA), as shown in Figure 4.1-C through G. The 
control embryos were 100% hatched in 48 hours, whereas exposure to increasing 
concentrations of polymer leachate led to decreasing embryo hatching rates, which fell to 0% 
in 30% polymer leachate after 48 hours of exposure (see Figure 4.1-B). These results revealed 
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the nonlethal toxicity of the polymer leachate for the development and hatching rate of the 
zebrafish embryos. 
 
Figure 4.1. Developmental abnormalities such as pericardial oedema (PO), spinal deformities (SD), loss of 
pigmentation (LP), yolk sack oedema (YO), abnormal development of the embryo head (ADH), tail 
developmental abnormalities (TDA) (A, C–G), and embryo hatching rate (B) observed in zebrafish embryos 
exposed to polymer leachate (scale bar is 250 µm). Results are shown as mean ± S.E, n = 3. 
4.3.2. Measurement of ORP 
The results obtained from analysing the ORP of the Milli-Q water, 100% extract in Milli-Q 
water, 100% extract in E3 embryo media, 300 mg/L 1-HCHPK in Milli-Q water, and 300 mg/L 
1-HCHPK in E3 embryo media are provided in Figure 4.2 and Table 4-1. These results 
indicated that compared with Milli-Q water (used for polymer extraction), the 100% extract in 
Milli-Q water, 100% extract in E3 embryo media, 300 mg/L 1-HCHPK in Milli-Q water, and 
300 mg/L 1-HCHPK in E3 embryo media had higher ORPs. The ORP of the 100% extract in 
Milli-Q water was found to be almost similar to that of the 100% extract in E3 embryo media, 
and the ORP of the 300 mg/L 1-HCHPK in Milli-Q water was similar to that of the 300 mg/L 
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1-HCHPK in E3 embryo media, indicating that changing the solvent from Milli-Q water to E3 
embryo media did not have any significant effect on the ORP of the polymer extracts or 1-
HCHPK concentrations. 
Table 4-1. ORP of the Milli-Q water, 100% extract in Milli-Q water, 100% extract in E3 embryo media, 300 mg/L 
1-HCHPK in Milli-Q water, and 300 mg/L 1-HCHPK in E3 embryo media. 
Test Reagents Oxidation Reduction Potential (ORP) 
Milli-Q water 252.00 mV 
Polymer extract (100%) + Milli-Q water 371.50 mV 
Polymer extract (100%) + E3 embryo media 376.83 mV 
1-HCHPK 300mg/L + Milli-Q water 347.00 mV 
1-HCHPK 300mg/L + E3 embryo media 339.40 mV 
 
 
Figure 4.2. ORP of the Milli-Q water, 100% extract in Milli-Q water, 100% extract in E3 embryo media, 300 
mg/L 1-HCHPK in Milli-Q water, and 300 mg/L 1-HCHPK in E3 embryo media. Results are shown as 
mean ± S.E, n = 3.  
 
4.3.3. Biochemical analyses for oxidative stress 
4.3.3.1. Superoxide dismutase (SOD) activity assay 
The results obtained from the SOD activity experiment showed significantly increased SOD 
presence in all treatments compared with the control embryos (see Figure 4.3). With the 
increasing concentrations of the leachate and 1-HCHPK, the SOD activity also increased. The 
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highest SOD activity occurred in the 60 mg/L 1-HCHPK, whereas the lowest occurred in the 
control/unexposed embryos. 
 
Figure 4.3. Superoxide dismutase activity of the embryos exposed to the 10% and 20% extract solutions, 16 and 
60 mg/L 1-HCHPK, and positive control compared with untreated embryos. Results are shown as mean ± S.E, 
n = 3; statistical significance is presented as P < 0.05. 
 
4.3.3.2. Catalase (CAT) activity assay 
The results obtained from the catalase test revealed a reduction of catalase activity in the 
embryos exposed to the polymer extract and the compound of interest with reference to the 
control embryos (see Figure 4.4). The embryos exposed to 100µg/L of lead used as positive 
controls showed an increase in catalase activity. A statistically significant decrease in catalase 
activity was shown in the embryos in the 20% extract and both 1-HCHPK concentrations. As 
the concentrations of both the extract and 1-HCHPK, the catalase activity reduced. The lowest 
catalase activity was exhibited in the embryos exposed to the 60 mg/L 1-HCHPK solution. 
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Figure 4.4. Catalase activity of the embryos exposed to the 10% and 20% extract solutions, 16 and 60 mg/L 1-
HCHPK, and positive control compared to untreated embryos. Results are shown as mean ± S.E, n = 3; statistical 
significance is presented as P < 0.05. 
 
4.3.3.3. Glutathione-S-transferase (GST) activity assay 
Changes in GST activity obtained from the toxicant-exposed 48 hpf zebrafish embryos are 
presented in Figure 4.5. The embryos exposed to the leachate and 1-HCHPK showed increased 
GST activity with regard to the 48-hpf embryos grown in the E3 embryo media. The embryos 
used as positive controls showed significantly high GST activity, as did the 20% extract and 
16 and 60 mg/L 1-HCHPK treatments. Even though the 10% extract treatment showed an 
increase in GST activity, no statistically significant difference was observed compared with the 
control samples.  
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Figure 4.5. Glutathione S-transferase activity of the embryos exposed to the 10% and 20% extract solutions, 16 
and 60 mg/L 1-HCHPK, and positive control compared with untreated embryos. Results are shown as mean ± S.E, 
n = 3; statistical significance is presented as P < 0.05. 
 
4.3.3.4. Lipid peroxidation assay 
Figure 4.6 presents the results obtained from the MDA assay demonstrating the lipid 
peroxidation damage caused by 3D printed polymer leachate and 1-HCHPK on zebrafish 
embryos. The positive controls and embryos exposed to two concentrations (16 and 60 mg/L) 
of 1-HCHPK showed significantly high values of TBRAS in the samples, indicating the 
presence of MDA resulting in lipid peroxidation. Embryos exposed to 10% and 20% of the 
polymer leachate showed increases in TBRAS, representing increased levels of MDA in 
relation to the control embryos, but these samples did not show any statistically significant 
increase in MDA concentration. In the polymer leachate, MDA production was amplified with 
increasing concentrations, but in the 1-HCHPK samples the production of MDA did not rise 
with the concentration of the toxicant. 
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Figure 4.6. Results obtained from the lipid peroxidation of the embryos exposed to the 10% and 20% solutions of 
the extract, 16 and 60 mg/L 1-HCHPK, and positive control compared with untreated embryos using MDA as the 
lipid peroxidation product and TBRAS as the indicator. Results are shown as mean ± S.E, n = 3; statistical 
significance is presented as P < 0.05. 
 
4.3.3.5. Protein carbonyl assay 
The results obtained from the protein carbonyl assay showed a significant increase of protein 
carbonyl in all samples exposed to the polymer extract as well as the 1-HCHPK concentrations. 
Furthermore, the embryos exposed to the positive control showed a significant increase in 
protein carbonyl presence. Increasing the concentrations of both the extract and pure compound 
showed an increasing trend of protein carbonyl production, demonstrating oxidative stress 
caused by the test toxicants (see Figure 4.7). 
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Figure 4.7. Protein carbonyl activity of the embryos exposed to the 10% and 20% solutions of the extract, 16 and 
60mg/L 1-HCHPK, and positive control compared with the untreated embryos. Results are shown as mean ± S.E, 
n = 3; statistical significance is presented as P < 0.05. 
 
4.3.4. Whole-mount immunohistochemistry (caspase-3 assay) 
The cellular apoptosis observed using the caspase-3 immunohistochemistry assay in embryos 
exposed to the positive control, 20% polymer leachate, and 60 mg/L 1-HCHPK solution with 
and without the pan caspase inhibitor z-VAD-fmk-300uM in the solutions are shown in Figure 
4.8. Compared with the control embryos’ apoptotic cell count, a significant increase occurred 
in the apoptotic cell counts in all embryos exposed to the positive control, 20% extract, and 60 
mg/L 1-HCHPK. The embryos exposed to the positive control, 20% extract, and 60 mg/L 1-
HCHPK solutions containing a pan caspase inhibitor showed decreases in apoptotic cells 
compared with the control organisms. All embryos exposed to solutions including a caspase 
inhibitor demonstrated a statistically significant decrease in apoptotic cell count compared with 
those exposed to the same toxic treatments that did not include a caspase inhibitor. The results 
demonstrated that caspase-mediated cell death was the leading pathway of cellular apoptosis 
occurring in the presence of the polymer leachate and 1-HCHPK compounds. 
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Figure 4.8. Apoptotic cell analysis of the embryos exposed to the E3 embryo media (control), positive control, 
20% polymer leachate, and 60mg/L 1-HCHPK solution with and without a caspase inhibitor (pan caspase inhibitor 
z-VAD-fmk-300uM). Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
4.3.5. Externalisation of phosphatidylserine residues (Annexin A5 affinity 
assay)  
The apoptotic cell count caused by the externalisation of phosphatidylserine residues was 
observed using 80 mg/L of ascorbic acid in the test solutions (1-HCHPK and polymer leachate) 
as the ROS scavenger in annexin-V GFP-embedded zebrafish embryos, which are graphed in 
Figure 4.9. All the embryos exposed to the positive control, polymer leachate, and 1-HCHPK 
with or without the ROS scavenger showed significantly increased numbers of apoptotic cells, 
except for the organisms exposed to 16 mg/L of 1-HCPK mixed with ROS inhibitor. The results 
shown in Figure 4.9 demonstrate the reduction of apoptotic cells in all treatments consisting of 
an ROS inhibitor. Among the recovery readings, only 16 mg/L of 1-HCPK mixed with the 
ROS inhibitor did not show a statistically significant reduction of apoptotic cells compared 
with embryos exposed to their relevant treatments, which consisted of only the polymer 
leachate or compound of interest. These results are a preliminary indicator that demonstrates 
that the cell apoptosis of zebrafish embryos exposed to the polymer leachate or 1-HCHPK 
solutions occurred due to oxidative stress induced by ROS generated in the organisms. 
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Figure 4.9. Apoptotic cell calculations of the embryos exposed to the E3 embryo media (control), positive control, 
polymer leachates (10% and 20%) and 1-HCHPK (16 and 60 mg/L) solutions. Embryos exposed to polymer 
leachate and 1-HCHPK were subjected to with or without an ROS inhibitor compound (80 mg/L ascorbic acid). 
Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
4.4. Discussion  
This chapter describes the toxicity of the polymer leachate extracted from the porous bricks 
built using Form 1 clear photoreactive resin and the correlation of 1-HCHPK to the leachate 
toxicity. When the initial toxicity was confirmed using five biological organisms, zebrafish 
embryos were confirmed to be the most sensitive organism (see Section 3.4 ), and 1-HCHPK 
toxicity was also confirmed using zebrafish embryos (see Section 3.3.4). This chapter presents 
an investigation of the effects on zebrafish embryos exposed to polymer leachate using an array 
of bioassays, which explain the correlation between developmental deformities, cellular 
apoptosis, and oxidative stress markers. 
The toxicity of the polymers and polymer additives used in 3D printing have been demonstrated 
in previous research, as described in subsections 1.4.2 and 1.4.2.1. Even though reports exist 
of the toxicity of 3D printing polymers, only few research works have been conducted on 
chemicals migrating from 3D printed parts, identifying them and their effects on the aquatic 
organisms (Macdonald et al., 2016; Oskui et al., 2015; Palomba et al., 2015). The published 
results demonstrate the aquatic toxicity of the leachates migrating from the 3D printed parts to 
the aqueous layer caused by unpolymerised monomers and small additive molecules such as 
photoinitiators that migrate from the finished polymer products (Macdonald et al., 2016; 
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Mitchell & Wlodkowic, 2018). With the rapid development of the industry, the toxicity of these 
compounds migrating to the environment could result in larger environmental issue. 
Upon exposure to 3D printed polymer leachates, zebrafish embryos have been proven to 
develop multiple developmental deformities, including enlarged and darkened yolk sacs, heart 
and yolk sac oedemas, yolk extension, delayed swim-bladder development, lack of 
pigmentation, and shortened embryo length (Macdonald et al., 2016; Oskui et al., 2015). In the 
developmental abnormalities and hatching rate experiments conducted in this study, within 48 
hours, zebrafish embryos that were alive showed 100% severe developmental deformities in 
20% and 30% leachate; in 15% leachate, over 60% of the embryos had visible developmental 
abnormalities; and less than 10% of the embryos exposed to 10% leachate suffered 
developmental abnormalities (see Figure 4.1 -A). The developmental abnormalities observed 
in the test organisms were POs, SD, LP, yolk sack oedemas, abnormal development of the 
embryo head, and TDA (see Figure 4.1-C–G). Compared with the control embryos, the 
hatching rate systematically decreased among the embryos exposed to increasing 
concentrations of the leachate (see Figure 4.1 -B). Decreased hatching rates and developmental 
deformities of zebrafish embryos have also been observed in prior research conducted in the 
presence of toxic substances (Andrade et al., 2016; Reif et al., 2016; L. Xia et al., 2017). 
Developmental deformities observed in prior research work with reference to 3D printed 
polymer leachates correspond with the results obtained in the present study using zebrafish 
embryos exposed to the 3D printed Form 1 clear photoreactive resin leachate (Macdonald et 
al., 2016; Oskui et al., 2015).  
Examining the toxicity observed in the multiple organisms in Chapter 3 as well as the 
developmental deformities observed above in the presence of polymer leachate and 1-HCHPK 
toxicity on zebrafish embryos, the ORP of the leachate and 1-HCHPK were tested to 
understand the influence of ORP on toxicity. Calculating the ORP of the polymer leachate and 
1-HCHPK readings demonstrated higher ORPs compared with Milli-Q water (see Figure 4.2 
and Table 4-1), indicating a higher reduction capacity in the extract. Oxidative stress 
occurrence due to increases in ROS activity is known to be a major contributor to apoptosis 
(Circu & Aw, 2010; Kannan & Jain, 2000). The ROS inhibitor test conducted using ascorbic 
acid as an ROS scavenger on the Annexin-V GFP-embedded embryos and a battery of 
bioassays were used to substantiate the hypothesis that increased levels of cellular apoptosis 
occurred mainly because of the oxidative stress created by polymer leachate exposure. 
Embryos exposed to polymer leachate and 1-HCHPK in combination with an ROS inhibitor 
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resulting in a significantly reduced number of apoptotic cells in the exposed embryos compared 
with toxicant-treated embryos supports this argument (see Figure 4.9).  
As shown in Figure 4.9, the generation of ROS was found to be a crucial reason for the 
apoptosis that occurred in the test subjects. The formation of ROS is known to increase the 
oxidative stress levels in organisms. Oxidative stress caused by elevated ROS production has 
been proven to damage cellular components (Circu & Aw, 2010; Kannan & Jain, 2000). 
Polymer additives have been observed to develop ROS, which leads to oxidative stress (see 
Sections 1.3.1.1 and 1.5.3). Research conducted by Wu et al. (2016) and Qiu et al. have 
demonstrated that oxidative stress developed in zebrafish embryos in the presence of BPA 
through alterations in ROS indicator activity; furthermore, Wu et al. (2011) demonstrated 
changes in ROS activity after exposure to PA (Qiu et al., 2016; M. Wu et al., 2011). 
Furthermore, research published by Gu et al. (2019) demonstrated that early stages of zebrafish 
embryos exposed to BPS showed increases in oxidative stress through increased CAT and SOD 
activity (Gu et al., 2019). Antioxidant enzymes such as SOD, GST, and catalase play a major 
role in detoxifying these ROS molecules generated in cells (K. Li et al., 2017; Maharajan et 
al., 2018; Veal et al., 2002). MDA and protein carbonyls are known to be products generated 
as secondary products of oxidative stress. Altered concentrations of these enzymes and 
secondary products of oxidative stress are known to be used as conclusive evidence of 
oxidative stress generated because of toxic effects (Andrade et al., 2016; Levine et al., 1990).  
Among the biological assays conducted on oxidative stress indicators, SOD, GST, MDA, and 
protein carbonyl tests showed the increased presence of indicators in the embryos exposed to 
polymer leachate and 1-HCHPK. In the SOD and protein carbonyl assays, embryos exposed to 
all concentrations of leachate and 1-HCHPK showed the significantly increased presence of 
SOD (see Figure 4.3). The protein carbonyl assay showed the same pattern of results in terms 
of exposure to leachate and 1-HCHPK, and the results revealed a statistically significant 
increase in protein carbonyl content (see Figure 4.7). Only the GST assay showed a statistically 
significant increase of GST in the embryos exposed to 20% leachate and 16 and 60 mg/L 1-
HCHPK, but increased activity was observed in all treatments compared with the control 
embryos (see Figure 4.5). The MDA assay, which exposed the lipid damage caused by 
oxidative stress, also showed an increase in MDA content in all treatments, but was only 
statistically significant in the embryos exposed to 16 and 60 mg/L 1-HCHPK (see Figure 4.6). 
These results are similar to the oxidative stress marker results obtained for embryos exposed 
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to polymer additives that induced oxidative stress in previous research (Gu et al., 2019; Qiu et 
al., 2016; M. Wu et al., 2011; Xu, Shao, Zhang, Zou, Wu, et al., 2013). 
The experiment conducted using the oxidative stress marker catalase enzyme showed reduced 
enzymatic presence in the embryos exposed to all concentrations of leachate and 1-HCHPK 
(see Figure 4.4). Even though other oxidative stress markers increased the activity with 
increasing concentrations, catalase activity continued to decrease with the increasing 
concentrations of the toxicants (see Figure 4.4). SOD activity increasing is known to result in 
increasing concentrations of catalase (Maharajan et al., 2018) in toxicant-exposed embryos; 
however, earlier studies have shown that in the presence of excess H2O2, catalase deactivates 
because of substrate inhibition, which leads to a reduction of catalase present in the mixture 
(O'Neill, 1972; Vasudevan & Weiland, 1990). The SOD assay results showed high activity in 
the SOD enzyme that converts OH⁻ free radicals to H2O2, giving rise to excess substrate for 
catalase, which could lead to catalase deactivation, thereby explaining the results obtained by 
the catalase assay conducted on the embryos exposed to polymer leachates and 1-HCHPK 
solutions. 
After this study observed the developmental toxicity of the polymer leachate, embryo 
developmental deformities, and indicators of oxidative stress biomarker activity alterations, it 
tested the occurrence of cellular apoptosis. As discussed in subsection 1.5.5.1, oxidative stress 
developed due to ROS production, leading directly to the distraction of cellular biological 
mechanisms and organelles, which eventually led to cell death. Previous experiments 
conducted to identify and explain the toxicity effects of compounds have used numerous 
apoptosis markers such as caspase-3, Annexin-V, AO staining, comet assay, and 
histopathological analysis (D. H. Lee et al., 2006; Maharajan et al., 2018; Shi et al., 2011; Van 
Engeland et al., 1998). Cell apoptosis can occur due to activation of the caspase-dependent 
programmed cell apoptosis pathway. Activation of caspase-3 and quantification of externalised 
phosphatidylserine residues using an Annexin-V affinity assay have been used to identify 
caspase-dependent cell apoptosis (Green, 2011; Johnstone & Silke, 2015; Negron & Lockshin, 
2004). During this experiment, cell death occurring through apoptosis was tested using two 
molecular markers, Annexin-V and caspase-3, on the embryos exposed to polymer leachate. 
The results obtained from both apoptosis markers showed an increased number of apoptotic 
cells in the embryos exposed to all concentrations of polymer leachate and 1-HCHPK tested. 
For embryos exposed to toxicants in the Annexin-V assay, a statistically significant increase in 
apoptotic cell count compared with the control embryos was observed in the 10% and 20% 
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polymer leachates as well as the 60 mg/L 1-HCHPK solutions (see Figure 4.8 and Figure 4.9). 
For embryos tested with the caspase-3 whole-mount immunohistochemistry assay, a 
statistically significant increase in apoptotic cells was seen in the 20% polymer leachate and 
the 60 mg/L 1-HCHPK solution (see Figure 4.8). The increased apoptosis observed in the 1-
HCHPK concentrations via the Annexin-V fish line and caspase-3 immunohistochemistry 
assay further demonstrated the role of 1-HCHPK toxicity as the major toxic component in the 
polymer leachate’s toxicity. 
To confirm the increase of apoptosis in the embryos exposed to test treatments through the 
caspase-3 dependent pathway, the caspase-3 whole-mount immunohistochemistry assay 
continued to useing the pan caspase inhibitor z-VAD-fmk-, which blocks caspase-3 initiation 
in the embryos exposed to the polymer leachate and 1-HCHPK test concentrations in 
combination with the inhibitor. Embryos exposed to the caspase inhibitor toxicant mixture 
exhibited a relatively low number of apoptotic cells compared with those exposed to relevant 
toxicant concentrations, as well as to control embryos (see Figure 4.9). This experiment proved 
that polymer leachate and 1-HCHPK toxicity predominantly induce apoptosis through the 
caspase-dependent apoptotic pathway. 
Experiments conducted in this chapter demonstrated the toxicity of polymer leachate and 1-
HCHPK resulting in ROS production, leading to cellular level oxidative stress and eventually 
activating caspase-mediated cell apoptosis using a battery of bioassays. Furthermore, this 
chapter established the ability of rapidly migrating additives in the polymer leachate obtained 
from 3D printed objects obtained by Form 1 clear photoreactive resin in causing developmental 
abnormalities and decreased hatching rates in exposed early developing zebrafish embryos. 
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Chapter 5. Characterisation of Neurobehavioural 
Toxicity of 3D Printed Plastic Additives 
 
5.1. Introduction 
Polymer and polymer additives’ toxicity on the neurotoxicity and neurobehavioural toxicity in 
humans and aquatic organisms have been studied and identified by researchers on multiple 
occasions, and numerous chemicals have been listed that cause these issues (see sections 
1.3.1.4, 1.6. and Table 1-4). Researchers have demonstrated the neurotoxicity of polymer 
additives such as BPA, BPS, and phthalates using multiple parameters ranging from 
neurotransmitter AChE activity changes to gene expression and behavioural alterations on 
zebrafish embryos in the presence of the toxicants tested (Q. Chen et al., 2017; Gu et al., 2019; 
Xu, Shao, Zhang, Zou, Chen, et al., 2013; Y. Zhou et al., 2017). Zebrafish embryos are known 
to be commonly used as a model organism for environmental toxicity testing (Pei et al., 2013; 
Feng Zhu, Akagi, et al., 2013). As discussed in subsection 1.6.2, zebrafish embryos have been 
used to demonstrate the neurotoxic effects of polymer additives. Critical features of zebrafish 
embryos in research work conducted on neurotoxicity and neurobehavioural toxicity include 
the large number of offspring produced, rapid development, smaller size, and improved 
knowledge on genetics and developmental biology (Chitnis & Dawid, 1998; Kuwada & 
Bernhardt, 1990; Ton et al., 2006).  
Zebrafish embryo development that corresponds to neurodevelopment and behaviour has been 
studied extensively, and research published by Kimmel et al., Kokel et al., and Saint‐Amant et 
al. explains the induction of primary motor behaviours starting around 17–19 hpf and 
continuing until 29 hpf. Moreover, touch-evoked responses start at 21 hpf and initial visual 
responses start at 60 hpf embryos (Kimmel et al., 1995; Kokel et al., 2010; Saint-Amant & 
Drapeau, 2000; Saint‐Amant & Drapeau, 1998). Using the information obtained by previous 
researchers, multiple behavioural parameters have been used in developing numerous zebrafish 
embryo and larvae behavioural assays such as ESA, EPR, ETR, and PLR assays (He et al., 
2011; Kokel et al., 2010; Kokel & Peterson, 2011; Raftery et al., 2014; Ton et al., 2006). These 
assays have been used in identifying the toxicity of polymer additives as well as numerous 
chemicals, such as Kokel et al. identifying the behavioural alterations of 14,000 chemicals 
using EPR assay (Kokel et al., 2010), Raftery et al. using an ESR assay to identify behaviour 
changes from 15 chemicals from the chemical library of ToxCast phase-I (Raftery et al., 2014), 
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and behavioural changes observed using LPR assays from organotin or BDE toxicants (He et 
al., 2011; van Woudenberg et al., 2013). 
Furthermore, to identify the neurotoxicity of zebrafish embryos, commonly observed 
parameters are AChE activity changes in the exposed embryos (see subsection 1.6.2.2.1), 
changes in the expression of genes related to the CNS (see subsection 1.6.2.2.2), and the use 
of transgenic organisms to identify changes in the growth of various sections of the neuron 
system (see subsection 1.6.2.2.3). Using these parameters in combination, neurotoxicity and 
neurobehavioural toxicity effects of the test compound were identified. For example, Yen et 
al. (2011) explained the locomotor behavioural changes with reference to AChE activity 
alterations of zebrafish in the presence of chlorpyrifos, diazinon, and parathion (Yen et al., 
2011); Sun et al. (2016) also used changes in AChE activity and locomotor behaviour to explain 
the neurotoxicity of organophosphate flame retardant chemicals (L. Sun, Xu, et al., 2016). In 
2015, Zhu et al. demonstrated the toxicity of multiple 3D printed polymer leachates’ 
neurobehavioural toxicity using zebrafish larvae behavioural alterations with leachate-exposed 
zebrafish larvae (Feng Zhu, Joanna Skommer, Timo Friedrich, et al., 2015). 
This chapter’s main focus is to identify and demonstrate the neurobehavioural toxicity and 
neurotoxicity of the leachate obtained using 3D printed polymers derived from Form 1 clear 
photoreactive resin used in the FormLabs Form 1 SLA 3D printer. This was achieved using 
multiple parameters, including AChE neurotransmitter assay, behavioural changes of zebrafish 
embryos and larvae, and motor neuron and skeletal muscle development, to display the 
neurotoxic effect of the leachate in question. 
5.2. Materials and methods  
5.2.1. Biological test specimens 
This chapter presents how this study determined the effects of neurological and 
neurobehavioural toxicity of 3D printed polymer leachate using wild-type zebrafish (Danio 
rerio, Tübingen strain) and double transgenic zebrafish (Tg(isl1:GFP), Tg(actc1b:mCherry-
CAAX) lines. The transgenic fish line consists of Tg(isl1:GFP) (Higashijima, Hotta, & 
Okamoto, 2000) for reporting inter/motor neuron development with GFP indicator and 
Tg(actc1b:mCherry-CAAX) (Berger et al., 2014) for skeletal muscle development with red 
indicator mCherry-CAAX. Embryos (5 hpf) from both fish lines were obtained from Monash 
University AquaCore facility using the method described in subsection 2.4.5, sorted for viable 
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embryos, stored at 28℃ in darkness when necessary, and used in the experiments as explained 
below.  
5.2.2. Acetylcholinesterase (AChE) assay 
AChE assays have been used to analyse the activity changes of the neurotransmitter ACh (Gu 
et al., 2019; Yen et al., 2011). AChE activity changes were analysed using the technique 
described by Elman et al. (1961) and further developed by Guilhermino et al. (1996) to be able 
to use microplates (Ellman et al., 1961; Guilhermino et al., 1996). In this experiment 
supernatants extracted (see subsection 2.5.1) from embryos were exposed to the E3 embryo 
media; 1.25mg/L of Chlorpyrifos 500 (an organophosphate pesticide [OP], which acts as a 
specific inhibitor of AChE) was used as a positive control; and 10 % and 20% polymer leachate 
and 16 and 60 mg/L of 1-HCHPk solutions were tested using the experimental technique 
explained in subsection 2.5.8. 
5.2.3. Energy expenditure measurement assay (alamarBlue Assay) 
The alamarBlue energy expenditure assay was conducted as illustrated in subsection 2.8. Wild-
type zebrafish embryos (Danio rerio, Tübingen strain) were collected, and 5-hpf viable 
embryos were sorted. Viable embryos were exposed to the E3 media, 10% and 20% polymer 
leachate, and 16 and 60 mg/L 1-HCHPK solutions with alamarBlue test reagent for 48 hours 
at 28℃ in the dark. This experiment was used as the positive control and post-incubation 
fluorescence readings were taken with wave lengths at 585 nm using a Clariostar plate reader 
as explained in the method described in Section 2.8. 
5.2.4. Embryo spontaneous activity (ESA) assay 
Zebrafish embryos’ early behaviour was determined using ESA changes in the presence of the 
polymer extract and 1-HCHPK with wild-type zebrafish embryos (Danio rerio, Tübingen 
strain). The experiment was conducted with the method explained in subsection 2.9.1 with 24 
hpf embryos. The 24-hpf embryos were exposed to E3 media and 20, 40, 60, 80, and 100% 
polymer extract, and each concentration was tested with 32 embryos. Exposed embryos were 
analysed to identify the behavioural changes that occurred due to the toxicity of the polymer 
extract. 
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5.2.5. Larval photomotor response (LPR) assay 
Zebrafish larvae behavioural changes were studied using the LPR assay illustrated in 
subsection 2.9.2. For this experiment, 120-hpf wild-type zebrafish (Danio rerio, Tübingen 
strain) larvae were used; it was conducted using the industrially available ZebraBox equipment 
(see Figure 5.1). The larvae to be tested were exposed to E3 media and 20, 40, 60, 80, and 
100% concentrations of the polymer leachate. After 1 hour of exposure, larvae behaviour was 
captured and analysed to determine the behaviour alterations that occurred in the presence of 
the polymer leachate.  
 
Figure 5.1. ZebraBox, commercially available zebrafish larvae behaviour analysis equipment. 
 
5.2.6. Primary motor neuron morphology and muscle development transgenic 
zebrafish embryos 
For this experiment, transgenic zebrafish line (Tg(isl1:GFP),Tg(actc1b:mCherry-CAAX) was 
used with Cherry-CAAX as a skeletal muscle developmental indicator and GFP as a motor 
neuron developmental indicator. Embryos (5 hpf) from the transgenic zebrafish line were 
collected and exposed to 20% polymer extract and 60 mg/L 1-HCHPK compound solution for 
48 hours at 28℃ in the dark along with control embryos in E3 embryo media. This experiment, 
which was to observe the development of motor neurons and skeletal muscles in the presence 
of polymer leachate and 1-HCHPK, was conducted using the technique explained in Section 
2.10.  
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5.3. Results  
5.3.1. Acetylcholinesterase (AChE) assay 
Changes in the AChE activity of the embryos exposed to polymer leachate and 1-HCHPK are 
shown in Figure 5.2. Untreated embryos showed the highest AChE presence in the experiment, 
and those exposed to the positive control showed the lowest AChE presence, indicating 
inhibited AChE activity. Organisms exposed to both the polymer extract and 1-HCHPK also 
showed reduced AChE presence, and they all showed significantly decreased levels of AChE 
concentrations in relation to the untreated embryos. In all the treatments, with increasing 
concentrations, steady reductions of AChE presence were observed, showing the relationship 
of toxicant concentration with AChE production. 
 
Figure 5.2. AChE activity of embryos exposed to the E3 embryo media (control – untreated), positive control 
(Chlorpyrifos 500, 1.25mg/L), polymer extracts (10% and 20%), and 1-HCHPK concentrations (16 and 60 mg/L) 
is displayed. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
5.3.2. Energy expenditure measurement assay (alamarBlue Assay) 
Figure 5.3 presents the results obtained from the relative changes in fluorescence intensity of 
the alamarBlue assay. The embryos exposed to the positive control, 20% polymer extract, and 
16 mg/L 1-HCHPK showed statistically significant increases in fluorescence intensity. Even 
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though the embryos exposed to the 10% polymer extract and 60 mg/L 1-HCHPK revealed 
increased fluorescence intensity, it was not found to be statistically significant. Increased 
polymer extract concentration demonstrated increasing fluorescence intensity during the 
experimental period.  
An interesting observation was made during this experiment: when the polymer extract and 1-
HCHPK solutions were mixed with the alamarBlue reagent, they reduced the alamarBlue 
reagent in the absence of embryos. This could be explained using the higher ORP results 
observed in polymer leachate and 1-HCHPK solutions in subsection 4.3.2. Control tests were 
conducted to eliminate the polymer extract and 1-HCHPK compound’s effects on the 
alamarBlue using the test chambers with extract and 1-HCHPK solutions in the absence of 
embryos. This made it possible to deduce florescence changes caused by the extract and 1-
HCHPK compound from the final fluorescence intensity of the test chambers consisting of 
polymer extract/1-HCHPK compound with embryos present. 
 
Figure 5.3. AlamarBlue assay results of the embryos exposed to E3 embryo media (control – untreated), positive 
control (10 mM H2O2), polymer extract (10% and 20%), and 1-HCHPK concentrations (16 and 60 mg/L) are 
displayed. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
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5.3.3. Embryo spontaneous activity (ESA) assay 
Early embryo behavioural responses in the presence of polymer extract obtained using the 
video acquisition device (see Figure 7.7) and protocol explained in Chapter 7 are shown in 
Figure 5.4. As the figure shows, embryos exposed to increasing concentrations of polymer 
extract showed decreased behaviour except for in the 20% leachate concentration. In the 20% 
leachate, embryos showed an increase in twitching movements, indicating irritation caused by 
the leachate. Total embryo spontaneous movement showed a significant decrease from 60% to 
100% leachate exposure (see Figure 5.4-A). Concentrations from 40% to 100% showed a 
decrease in behaviour within 1 hour of exposure at the prime-5 developmental stage compared 
with the control embryos. With increasing exposure time, embryo behaviour displayed 
continuous decreases in spontaneous activity; after 6 hours of exposure at the prime-15 
developmental stage 100% leachate-exposed embryos showed no movement, whereas after 12 
hours of exposure at the prime-25 developmental stage embryos in 80% and 100% leachate did 
not exhibit any movement (see Figure 5.4-B). Embryos exposed to the polymer leachate 
confirmed that increasing concentrations of the leachate affected their behaviour. This result 
indicated that diminished early embryo behaviour was caused by the toxicity effect. 
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Figure 5.4. Early embryo behavioural changes observed after exposing 24-hpf embryos to polymer leachate. (A) 
Total burst count during the experimental time, (B) mean burst movement of the embryos after exposure to 
leachate in 1 hour (prime-5 embryo stage), 6 hours (prime-15 embryo stage), and 12 hours (prime-25 embryo 
stage). Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
5.3.4. Larval photomotor response (LPR) assay 
The locomotory behaviour of the 120-hpf larvae exposed to the polymer extract for 30 minutes 
and 60 minutes showed a decreasing trend with increasing concentrations, as shown in Figure 
5.5-A. With increased exposure time, larvae behaviour decreased, indicating the impact of 
toxicity. With the increasing concentration of the toxicant and longer exposure times, larvae 
behaviour decreased (see Figure 5.5-A). This decrease in larvae activity with regard to 
chemical concentration and exposure time was verified with the trajectories shown in Figure 
5.5-B. In the presence of the leachate concentrations, embryo behaviour was higher in the dark 
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cycle compared with that in the light cycle (see Figure 5.5-C and D); this effect was observed 
in the larvae photomotor behavioural experiments conducted by other researchers (Ašmonaitė, 
Boyer, de Souza, Wassmur, & Sturve, 2016; van Woudenberg et al., 2014). In both light and 
dark cycles, decreasing behaviour patterns were observed with increasing leachate 
concentrations, but this phenomenon was more prominent in the dark cycle. These results 
confirmed diminished larvae behaviour caused by the leachate’s toxicity effect in relation to 
chemical concentration and time. 
 
Figure 5.5. Larvae behaviour changes observed in the presence of polymer extract: (A) embryo total locomotory 
movement change in 30 minutes and 60 minutes, (B) embryo movement trajectories obtained for 30 and 60 
minutes, (C) total embryo locomotory movement in the first 30 minutes in light and dark cycles, and (D) total 
embryo locomotory movement in 30 to 60 minutes in light and dark cycles. 
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5.3.5. Primary motor neuron morphology and muscle development transgenic 
zebrafish embryos 
Results obtained for motor neuron development after exposure to the polymer leachate and 1-
HCHPK of zebrafish embryos after 48 hours are presented in Figure 5.6. Studying the images 
obtained from the embryos exposed to the E3 embryo media (control), 20% polymer extract, 
and 60 mg/l 1-HCHPK compound revealed the development of the motor neuron axons within 
48 hours of zebrafish embryo growth. The images of the embryos exposed to the polymer 
extract or 1-HCHPK compound do not show any abnormal growth in the axon length or shape 
when compared with the control embryos.   
 
Figure 5.6. Neuron development of the embryos exposed to the E3 embryo media (control), 20% polymer extract, 
and 60 mg/l 1-HCHPK compound (scale bar top 50 µm, bottom 200 µm). 
 
Skeletal muscle development of the 48-hpf embryos was observed using the 
Tg(actc1b:mCherry-CAAX) indicator in the double transgenic fish line in presence of polymer 
leachate and 1-HCHPK solutions, and the obtained results are presented in Figure 5.7. The 
indicator embedded in the transgenic fish line enabled observation of the muscle growth in the 
embryos exposed to the 20% polymer extract and 60 mg/L 1-HCHPK compound as well as the 
untreated control embryos during the test period. The control embryo images show uniform 
growth in muscle fibre development within 48 hours without any abnormalities. When these 
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images of control embryos are compared with images of treated embryo muscle fibre 
development within 48 hours, no visible discrepancies are observed. 
 
 Figure 5.7. Muscle development of the embryos exposed to the E3 embryo media (control), 20% polymer extract, 
and 60 mg/l 1-HCHPK compound. 
 
 
5.4. Discussion  
Multiple studies have demonstrated the neurotoxicity and neurobehavioural toxicity of low 
molecular weight polymer additives on aquatic organisms (Q. Chen et al., 2017; Liang et al., 
2019; Wenmin Liu et al., 2018; L. Sun, Xu, et al., 2016; Y. Zhou et al., 2017). In establishing 
the behavioural alterations and neurotoxicity of these polymer additives, researchers have used 
multiple testing methods ranging from different zebrafish embryos and larval behavioural 
analysis assays (ESA, EPR, ETR, and PLR assays), and neurotransmitter AChE activity to 
CNS developmental changes (Gu et al., 2019; He et al., 2011; Kokel et al., 2010; Raftery et al., 
2014; Ton et al., 2006). Even though plastic and polymer additives’ toxicity has been 
investigated with regard to their neurotoxicity and behavioural alterations, the toxicity of 3D 
printed plastic additives obtained via leachates along the same avenue still remains to be 
discovered and studied in detail. 
As discussed extensively in subsections 1.6.3 to 1.6.3.6, zebrafish embryo and larval 
behavioural alterations have been used as critical parameters for demonstrating and 
154 
 
understanding the neurotoxicity and neurobehavioural toxicity of multiple toxic components 
including polymer additives. Behavioural experiments presented in this chapter on zebrafish 
embryos and larvae revealed decreased behaviour patterns in the presence of the 3D printed 
polymer leachate. Early embryo preliminary motor behaviours observed in 24-hpf embryos 
showed a decrease in spontaneous movement with increasing concentrations of polymer 
leachate (see Figure 5.4). The total burst count of the embryos showed significant decreases in 
burst count from 60% to 100% leachate (see Figure 5.4-A). With the increasing exposure time, 
the mean burst movement of the embryos showed decreased activity with increasing 
concentrations (see Figure 5.4-B). During embryo development, increasing times of early ESA 
and startle response are known to reduce, as this study observed in the control embryos 
(Kimmel et al., 1995). In the presence of leachate higher than 40% concentration, embryo 
behaviour further diminished compared with the control embryos, displaying the effect of the 
polymer leachate. Research published by Raftery et al. (2014) showed similar activity changes 
in early ESA in the presence of multiple toxicants (Raftery et al., 2014). In the larvae 
behavioural analysis, the swimming distance of the test organisms was observed in dark and 
light cycles. With increasing exposure time, larval behaviour reduced, corresponding with 
increasing leachate concentrations (see Figure 5.5-A), this effect was visually demonstrated 
with the movement trajectories obtained using the ZebraBox with zebrafish larvae exposed to 
leachate concentrations (see Figure 5.5-B). The results obtained in both light and dark cycles 
showed decreases in activity with increasing concentrations of the treatments, but the larvae 
demonstrated higher activity in dark cycles than in light cycles (see Figure 5.5-C and D). These 
results demonstrated the effect of polymer leachate on light-responding neuronal pathways 
through behavioural changes. Decreased larval activity in the presence of polymer leachate is 
similar to the results obtained by Zhu et al. (Feng Zhu, Joanna Skommer, Timo Friedrich, et 
al., 2015), proving polymer toxicity. Furthermore, similar zebrafish larvae behaviour 
alterations have been observed by various researchers studying the polymer additive toxicity 
of BPA, BPS, and benzotriazole ultraviolet stabilisers (Q. Chen et al., 2017; Gu et al., 2019; 
Liang et al., 2019). 
AChE is a common neurotransmitter enzyme that is responsible for transmitting signals 
through neuromuscular synapses. Inhibition or alteration of AChE activity leads to 
modifications in signal transmission in neuromuscular synapses, which leads to behavioural 
changes as a corresponding observable effect (Gu et al., 2019; Quinn, 1987). AChE activity is 
closely related to explaining the behaviour of early life-stage zebrafish exposed to toxic 
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components (Andrade et al., 2016). Decreased levels of AChE activity have resulted in 
diminished behavioural capacities in toxicant-exposed embryos and larvae (Q. Chen et al., 
2017; Gu et al., 2019; Y. Zhou et al., 2017). The AChE assay conducted on embryos exposed 
to polymer leachate and 1-HCHPK solutions showed significantly decreased levels of AChE 
activity with reduced treatment concentrations (see Figure 5.2). These results correlate with 
previous research exploring other polymer additives’ toxicity, including BPA, BPS, 
organophosphate flame retardants, DBP, and diethyl phthalate using AChE as a common 
nominator for neurotoxicity of the test compounds (Q. Chen et al., 2017; Gu et al., 2019; G. 
Sun & Liu, 2017; L. Sun, Tan, et al., 2016; Xu, Shao, Zhang, Zou, Wu, et al., 2013). The 
alamarBlue test has been used to identify alterations in energy expenditure of organisms 
exposed to toxicants by measuring the reduction of resazurin in the high-fluorescence 
compound resorufin during cellular metabolism (Renquist et al., 2013; S. Y. Williams & 
Renquist, 2016). The results showed low relative changes in fluorescence intensity in embryos 
exposed to the 10% leachate and 16 and 60 mg/L 1-HCHPK solutions. The increased relative 
change in fluorescence intensity in the 20% leachate could be explained as a defensive response 
of attempting to detoxify the leachate due to a high concentration (see Figure 5.3). This 
reduction of mitochondrial energy expenditure could also be a factor in the behavioural 
response observed in the presence of the leachate. 
Experiments have been conducted using transgenic zebrafish embryos to observe 
developmental abnormalities on the CNS and muscle cells to determine the toxicity of 
chemicals (Blader et al., 2003; Higashijima et al., 2000; Higashijima, Okamoto, Ueno, Hotta, 
& Eguchi, 1997; Wen et al., 2008). The experiments conducted to observe any malformations 
in neuron or tissue development during the first 48 hours of exposure to treatments were 
conducted on a double transgenic zebrafish line (Tg(isl1:GFP),Tg(actc1b:mCherry-CAAX) 
and 5-hpf embryos to observe any deformities that could result in observed behavioural 
changes. Images obtained after 48 hours of exposure to the leachate and 1-HCHPK solutions 
did not show any malformations in neuron or skeletal tissue development compared to the 
control embryos (see Figure 5.6 and Figure 5.7). This indicated the behavioural alterations 
observed in the leachate-exposed embryos or larvae were not caused by deformities in the CNS 
or skeletal muscle development. 
In conclusion, polymer leachate toxicity manifested in diminished behaviour patterns of 
zebrafish embryos and larvae. These external behavioural indicators occurred because of the 
reduction in AChE activity, alterations in mitochondrial energy expenditure, and cellular 
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apoptosis transpiring mainly through the caspase-dependent pathway (as explained in Chapter 
4). Even though the neurotoxicity of the polymer leachates was observed in the leachate-
exposed embryos and larvae, further work must be conducted to determine the neurotoxicity 
and systemic biogenetic pathways of the leachate’s toxicity.   
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Chapter 6. Remediation of 3D Printed Polymer 
Leachate Toxicity 
 
6.1. Introduction 
Aquatic pollution is a rapidly evolving global issue that leads to long-term unfavourable 
conditions for aquatic organisms as well as human life (Gupta & Ali, 2012). Chemical pollution 
of aquatic systems has become a worldwide issue for reasons such as rapid industrialisation, 
significant increases in novel chemical production, and population growth (Gupta & Ali, 2012; 
Kibria & Nugegoda, 2016; Kibria, Yousuf, Nugegoda, & Rose, 2010). With the increasing 
global population, the amount of chemicals used on a daily basis by the general public and in 
industries has grown significantly. A significant proportion of over 300 million tonnes of 
synthetic compounds used per year in consumer products find their way into natural waterways 
(Street, Sustich, Duncan, & Savage, 2014). Accidental spills of petroleum fossil fuel-related 
components, landfill leachates, and industrial effluents are some of the contributors to aquatic 
water pollution (Gourmelon, 2015; Gupta & Ali, 2012; Street et al., 2014). With the rapid and 
mass-scale addition of these components in waterways, it is a logical approach to develop and 
implement a global strategy for aquatic pollutant removal. Most developed and/or 
industrialised countries and multinational organisations have developed and recruited 
environmental protection policies. Some of these policies ban the use of toxic chemicals, 
introduce wastewater treatment plants, and implement environmental standards (Coca-Prados 
& Gutiérrez-Cervelló, 2010; Gupta & Ali, 2012; Street et al., 2014). Even with these strategic 
policy implementations, the identification, containment, and removal of novel aquatic 
pollutants such as polymers and micropollutants such as polymers and polymer additives 
remains a challenge.  
In response to this global challenge, multiple aquatic pollutant remediation techniques have 
been adopted. Currently, water treatment is conducted using techniques such as adsorption, 
membrane filtering, electrochemical methods, biological techniques, reverse osmosis, and 
advanced oxidation processes (Birkholz et al., 2000; Gupta & Ali, 2012; Mulligan, Yong, & 
Gibbs, 2001). With the development of technology, chemical analysis, and identification 
techniques, as well as advancements in current remediation methods, novel techniques have 
been developed in the last few decades to deal with novel chemical products and 
micropollutants (Ahuja, 2019; Birkholz et al., 2000; Luo et al., 2014). Micropollutants are 
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newly emerging environmental contaminants that occur in almost all aquatic ecosystems; they 
are known to appear in wastewater, sewage, ground water, surface water, and drinking water. 
Since micropollutants are a newly emerging area of study, scientific knowledge concerning 
their identification and remediation is limited (Luo et al., 2014). The primary removal of these 
contaminants occurs in wastewater treatment plants, but the existing issue is that most current 
wastewater treatment plants are not specifically designed for this purpose, and therefore lack 
the ability or technology required. Micropollutants enter the ecosystem through a vast variety 
of natural and manmade substances, such as steroid hormones, pharmaceuticals, personal care 
products, industrial chemicals and multiple polymer products. Conventional and advanced 
techniques are used to remediate these pollutants from the environment. Some of the effective 
methods include membrane filtering-activated oxidation, reverse osmosis, nanofiltration, 
ozonification, and activated carbon filtering. Even after implementing these methods, the 
removal of micropollutants from water varies drastically, resulting in environmental 
accumulation. Advanced removal processes have shown promising results in removing 
micropollutants from the aquatic system, but the issue of high operating costs remains. For 
these reasons, conducting more research to develop new methods that are cost-effective and 
more sensitive remains a challenge for scientists (Birkholz et al., 2000; Luo et al., 2014). The 
advancement of analytical tools such as GC-MS, LC-MS, and liquid chromatography-tandem 
mass spectrometry (LC-MS-MS) has increased the accuracy and sensitivity of the identification 
of pollutants in aquatic systems (Petrović et al., 2003). Further analysis of the toxicity of these 
chemicals is conducted using bioanalytic techniques such as real-time bioassays. Information 
gathered using these techniques has been used for conducting environmental risk assessments 
to understand potential environmental risks associated with these novel groups of pollutants 
(Escher et al., 2011; Hansen, 2007). 
Polymer waste removal and degradation, including plastics and polymer additives, are a 
complex process. Various methods have been adopted in degrading complex polymer products 
for waste removal and recycling. Thermal degradation is one of these methods; in this 
technique, polymers are normally heated to over 500℃, and sometimes even up to 900℃, to 
break the polymer bonds (Garforth, Lin, Sharratt, & Dwyer, 1998). A secondary method is 
catalytic degradation, which involves a catalyst that increases the quality of the degradation 
process and increases the yield at lower temperatures (S Ali, Garforth, Harris, Rawlence, & 
Uemichi, 2002; Gobin & Manos, 2004). Kobayashi et al. (1999) demonstrated the ability to 
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degrade polymers using enzymatic hydrolysation using lipase as a catalyst (Kobayashi, Uyama, 
& Takamoto, 2000). 
A critical review by Robinson et al. (2001) discussed current remediation techniques used to 
remove dyes from textile effluents consisting of inorganic compounds to polymers, and 
suggested a simple, cost-effective alternate technique (Robinson, McMullan, Marchant, & 
Nigam, 2001; Zollinger, 2003). As discussed in the review, current techniques include 
chemical methods such as oxidative processes, which include Fenton’s reagent, ozonation, 
photochemical reactions, and electrochemical reactions; adsorption techniques used in physical 
treatments such as activated carbon, membrane filtration ion exchange, and other adsorbent 
materials including silica gel, wood chips, and cellular structures of peat; as well as biological 
treatments including decolourisation using white-rot fungi and aerobic and anaerobic microbial 
degradation. An alternative method used to remove dyes from industrial effluents is a 
combination of an adsorbent technique and solid-state fermentation with a biological agent 
such as white-rot fungi (Robinson et al., 2001; Schliephake & Lonergan, 1996). 
Ultraviolet radiation has been used in the removal of micropollutants from contaminated water. 
In advanced oxidation processes (AOPs) of water purification using OH free radicals generated 
by UV radiation, such as photo-assisted Fenton processes, photocatalytic oxidation and ozone 
water systems were demonstrated in a paper published by Andrezzi et al. (Andreozzi, Caprio, 
Insola, & Marotta, 1999). Photocatalytic degradation of dyes was achieved using UV radiation 
and TiO2 by Hilda Lachheb et al., who demonstrated the relevance of the TiO2 and UV mixture 
not just for decolourising the dyes but also for detoxifying industrial effluents discharged by 
the textile industry (Lachheb et al., 2002). 
Water purification uses activated carbon as a remediation technique for removing organic and 
inorganic contaminants from aquatic systems due to its adsorption capabilities (Çeçen & Aktas, 
2011; Chowdhury, 2013; Rivera-Utrilla et al., 2011). Research conducted using more than 70 
potentially harmful micropollutant compounds including pesticides, endocrine disruptors, drug 
metabolites, and other pharmaceutical compounds subjected these chemicals to PAC filtration 
and ozone oxidation. A study revealed activated carbon filtering to be more effective in 
removing micropollutant compounds (Margot et al., 2013). Multiple studies conducted using 
activated carbon to remove the endocrine-disrupting chemicals BPA and phthalates from 
contaminated aqueous waste solutions have shown successful results (Bautista-Toledo, Ferro-
Garcia, Rivera-Utrilla, Moreno-Castilla, & Vegas Fernández, 2005; Chang et al., 2012; K. J. 
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Choi, Kim, Kim, & Park, 2006; Wirasnita, Hadibarata, Yusoff, & Yusop, 2014). Furthermore, 
research published by Ghani et al. successfully demonstrated the capability of landfill leachate 
pollutant removal using activated carbon produced with banana pseudo stem (Ghani, Yusoff, 
Zaman, Zamri, & Andas, 2017). The abovementioned studies provide evidence that activated 
carbon is an effective aquatic contaminant removal technique. 
Understanding the importance of identifying potential environmental pollutants leads to the 
discovery of techniques to remediate them before they cause irreversible damage or become an 
environmental crisis. In developing these techniques, factors to focus on are mainly the ease of 
implementation and low cost. If private citizens and industries are to become interested in 
adapting remediation techniques, they should be cost-effective for individuals to afford them 
and meaningful for industries to adopt them. This chapter focuses on removing the biological 
toxicity of the polymer leachate obtained from the post-cured solid objects printed using Form 
1 photoreactive clear resin by FormLabs Form 1 SLA 3D printing systems. Predetermined 
remediation techniques were implemented in the toxicity removal of the leachate. Upon 
treating the polymer leachate, it was chemically and biologically tested to observe changes in 
toxicity. 
6.2. Materials and methods  
6.2.1. Biological test specimens 
The biological toxicity tests referred to in this chapter were used to identify changes in the 
toxicity of the leachate obtained from 3D printed polymer objects created using Form 1 clear 
photoreactive resin, which was subjected to three toxicity removal techniques. The experiments 
used were the Microtox toxicity test, Paramecium toxicity test, Daphnia toxicity test, rotifer 
toxicity test, and zebrafish FET test. The biological organisms used in these experiments were 
Aliivibrio fischeri, Paramecium caudatum, Daphnia magna, Brachionus calyciflorus, and 
Danio rerio (Danio rerio, Tübingen strain) embryos. The methods and techniques used in these 
experiments are discussed in detail in the following subsections.  
6.2.2. Implementation of the remediation techniques 
The toxicity of the polymer leachate extracted from the products manufactured from Form 1 
clear photoreactive resin was established in the experiments conducted and results discussed 
in Chapters 3, 4, and 5. The next logical step was to identify a method that could be used to 
remove or reduce the toxicity of the leachate. In determining the techniques to be tested, three 
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factors were taken into consideration: (i) the nature of the polymer leachate and toxic 
compound of interest, (ii) the simplicity of the implementation, and (iii) the cost effectiveness 
of adopting the technique. As discussed in Section 1.4, the additive manufacturing technique 
and polymer resin of interest are commonly found in the marketplace and available to the 
general public. This implies common use of the technique and the polymer by the general 
public and industries on a large scale. Hence, the remediation technique had to be a simple, 
cost-effective method for the general public to adopt. Additionally, this technique had to be 
logical for industries to implement without significantly increasing the production cost, which 
could eventually affect the final profits. 
The three techniques that were implemented and explained in this chapter are (i) exposure to 
simulated sunlight, (ii) UV irradiation, and (iii) activated charcoal filtering. For all three 
techniques, the required components can be purchased off the shelf or online for a reasonable 
cost (≥ AU$100 per technique) (Cafiona_cos, 2019; Philips, 2019; sportlight, 2019). The most 
abundant toxic compound in the leachate was found to be 1-HCHPK, which is an organic 
molecule with a molecular weight of 204.26 g/mol (NCBI, 2005); it is used as a photoinitiator 
in the AM process (Mitchell & Wlodkowic, 2018). The polymer resin used in 3D printing has 
the highest polymerising rate at 405nm of UV radiation, as specified by the manufacturer 
(Zguris, 2016). UV irradiation and simulated daylight were used because of their capacity to 
react with the photoinitiator 1-HCHPK. Activated charcoal was used in water purification 
because of its high adsorption and catalytic capacity (Pollard, Fowler, Sollars, & Perry, 1992). 
Furthermore, it removes toxicants such as arsenic (Mohan & Pittman Jr, 2007), polymers 
(Bautista-Toledo et al., 2005), organic compounds, and suspended particles, including water-
borne mutagens from wastewater systems (Nadolney, 1991; Pollard et al., 1992; Tabor, 1988). 
The implementation of the remediation technique involved short-term direct exposure of the 
leachate to any one of these three procedures. The aforementioned reasons made these three 
treatment methods logical choices for testing as remediation techniques. 
The aforementioned simple techniques were used to treat the polymer leachate to observe the 
changes in the presence of 1-HCHPK and toxicity of the post-treated leachate, as described 
below. The fresh polymer leachate (500 mL) obtained as explained in subsection 3.2.2 was 
transferred to three 1-L beakers for each treatment. Three beakers of polymer leachate each 
were exposed to simulated sunlight and UV radiation in a closed environment for 12 hours on 
a magnetic stirrer at a constant temperature of 20℃. Activated charcoal (10% v/w ratio) was 
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added to another three beakers of fresh polymer leachate and incubated at 20℃ for 12 hours in 
the dark on a magnetic starrer. In 12 hours, the samples with activated charcoal were filtered 
with Whatman Number 5 filter papers under gravity and with 0.33 nm syringe filters to remove 
the charcoal particles. After 12 hours of treatment, all the treated samples were transferred to 
1-L Schott bottles, the caps were closed and sealed with Parafilm, and the bottles were stored 
at 4℃ in a refrigerator until required for further experiments. 
 
Figure 6.1 Step by step work flow of polymer leachate toxicity remediation using activated charcoal filtering, 
exposure to simulated sunlight and ultraviolet irradiation. 
6.2.3. GC-MS quantification of the 3D printing polymer extract subjected to 
remediation 
The polymer leachate treated with three remediation techniques, as explained in subsection 
6.2.2, was subjected to GC-MS analysis to quantify the presence of 1-HCHPK in the treated 
leachates. Three aliquots of each of the treated leachates were transferred to 50-mL falcon tubes 
and freeze-dried for 72 hours. The freeze-dried samples were transferred to 2-mL dark micro-
tubes containing micro-insert tubes using 600 µL of dichloromethane and sealed using the same 
technique explained in subsection 3.2.1.1. Each sample tube received 20µL of biphenyl as the 
internal standard. These sample tubes of treated leachate were analysed, and the presence of 1-
HCHPK was identified as described in subsection 3.3.2.1. Subsequently, using the data 
obtained in the sample analysis used for quantifying the 1-HCHPK in each sample with the 
same technique used in Section 2.12, the 99% pure 1-HCHPk compound obtained from Sigma-
Aldrich was used in the process. 
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6.2.4. Toxicity testing of 3D printing polymer extract 
The results obtained from the GC-MS analysis showed a decreased presence of 1-HCHPK (see 
Figure 6.2), indicating decreased toxicity. Based on these results, this researcher hypothesised 
that the treated leachates had diminished biological toxicity compared with untreated leachate. 
In testing this hypothesis, the same five organisms (Aliivibrio fischeri, Paramecium caudatum, 
Daphnia magna, Brachionus calyciflorus, and Danio rerio embryos) used in subsection 3.2.2 
to test the biological toxicity of the untreated leachate were used once again. 
6.2.4.1. Microtox test 
The experiment was conducted with minor changes to the standard method to minimise the 
dilution of the treated leachates for observing the biological toxicity in bioluminescent bacteria. 
Concentrations of 25, 50, 70, and 100% of the treated leachates were prepared prior to the 
experiment and transferred to the Microtox 500 analyser for testing in quadruplicate, as 
described in subsection 2.4.1. The diminishing of bioluminescence generated by the bacteria 
in the presence of the treated leachates was recorded at 10 and 20 minutes. The results obtained 
after 20 minutes of commencing the data acquisition were taken for the toxicity data 
presentation. 
6.2.4.2. Paramecium toxicity 
A Paramecium toxicity test was conducted with Paramecium caudatum obtained from 
Southern Biological (Knoxfield, Victoria, Australia). The Paramecium culture was grown and 
maintained as per the description provided in subsection 2.4.2. The post-treated polymer 
leachate was transformed into a Paramecium growth culture medium as explained in 
subsection 2.3.2. Test organisms were exposed to 20, 40, 60%, 80, and 100% concentrations 
of the treated and nontreated polymer leachates. Five Paramecium each in six replicates were 
separately exposed to each concentration (200 µL) of the treated and nontreated leachate in a 
48-well microplate and incubated at 25℃ for 24 hours in the dark. The lethality of the 
Paramecium in the treated and nontreated leachate after 24 hours of exposure was recorded as 
described in subsection 2.4.2. 
6.2.4.3. Daphnia magna toxicity test 
The freshwater crustacean Daphnia magna was used in the Daphnia toxicity test, which were 
obtained as ephippia from the Daphtoxkit-F biotoxicity kit (MicroBioTests, Inc., Belgium). 
The ephippia was revived as described in subsection 2.4.4. Each treated and untreated polymer 
extract was transformed into Daphnia media by adding the components listed in subsection 
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2.3.4 and 20, 40, 60, 80, and 100% concentrations of each leachate were prepared for toxicity 
testing. The young Daphnia magna (five each) obtained were exposed to 10 mL of treated and 
untreated polymer extract concentrations. Each concentration was tested in six replicates and 
incubated for 48 hours at 25℃ with 6,000 lux LED illumination, and the survival of the 
organisms was recorded as described in subsection 2.4.4. 
6.2.4.4. Rotifer toxicity test 
A rotifer toxicity test was conducted with Brachionus calyciflorus obtained from a Rotoxkit-
FTM (MicroBioTest Inc., Belgium). Viable cultures of Brachionus calyciflorus were obtained 
as described in subsection 2.4.3. Treated and nontreated polymer leachates were converted to 
a rotifer culture medium (see Section 2.3.3), and 20, 40, 60, 80, and 100% concentrations of 
each leachate were prepared prior to toxicity testing. Five Brachionus calyciflorus were 
transferred to each well of a 48-well plate containing 200 µL of treated and untreated polymer 
extract with six replicates per concentration. The test subjects were exposed to the leachates 
for 24 hours at 25℃ with 6,000 lux LED illumination. The survival of the organisms was 
recorded as described in subsection 2.4.3. 
6.2.4.5. Zebrafish embryo toxicity test (FET) 
An FET test was conducted on 5-hpf zebrafish embryos, and the embryos were obtained as 
described in subsection 2.4.5. Treated and untreated leachates were added to the components 
of the E3 embryo media listed in subsection 2.3.5 and converted to concentrations of 5, 10, 15, 
20, 25, 30, 35, 40, 60, 80, and 100% each for testing. Embryos were transferred to 24-well 
plates with 2 mL of media (E3 media, treated and untreated leachate) in each well per embryo. 
Twenty embryos per concentration of the leachate/control tests were introduced in 24-well 
plates, and tests were conducted in triplicate. Plates were incubated at 28℃ for 96 hours in the 
dark, and lethality readings were taken every 24 hours. Testing was conducted as per OECD 
guidelines and the technique explained in subsection 2.4.5, and 96-hour test results were used. 
6.3. Results  
6.3.1. GC-MS quantification of the 3D printing polymer extract subjected to 
remediation 
The results of the chemical analysis conducted on treated and untreated polymer leachates 
using GC-MS are illustrated in Figure 6.22 (A and B). Prior to the quantification, the 
chromatogram obtained from the GC-MS showed the highest peak for the untreated polymer 
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extract. The UV-treated polymer leachate showed a smaller peak compared with the untreated 
polymer extract, and simulated sunlight-treated leachate exhibited a smaller peak than the UV-
treated leachate in the chromatogram. The GC-MS chromatogram was unable to record the 
presence of 1-HCHPK in the activated charcoal-filtered polymer leachate, indicating the total 
removal of the chemical of interest (see Figure 6.2-A). The GC-MS analytical results obtained 
from the treated and untreated polymer leachates were quantified using the results obtained 
with the concentrations of pure 1-HCHPK (see Figure 3.5). Quantified untreated polymer 
leachate showed more than 200 mg/L 1-HCHPK in the extract, and the UV-treated extract and 
simulated sunlight-treated extract contained 145 mg/L and 104 mg/L of 1-HCHPK, 
respectively. Polymer extract treated with activated charcoal filtering did not show any 
presence of 1-HCHPK (0 mg/L) in any of the three replicates (see Figure 6.2-B). Compared 
with the untreated polymer extract, there was a reduced presence of 1-HCHPK in all three post-
treated leachates. As per the GC-MS results in Figure 6.2, among the three treatment techniques 
used, activated charcoal filtering was the most capable of effectively removing 1-HCHPK from 
the polymer leachate. 
 
Figure 6.2. GC-MS chemical analysis conducted on treated and untreated polymer leachates: (A) chromatogram 
of treated and untreated polymer leachates of 1-HCHPK obtained from GC-MS, and (B) quantified 1-HCHPK in 
the treated and untreated polymer leachates. 
 
6.3.2. Toxicity testing of 3D printing polymer extract 
6.3.2.1. Microtox test 
The results of the Microtox toxicity test conducted using Aliivibrio fischeri on untreated and 
treated polymer leachates are provided in Figure 6.3. Compared with the untreated leachate, all 
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three treated leachates demonstrated decreased toxicity. The lowest toxicity was observed in 
the leachate treated with activated charcoal filtering, followed by the simulated sunlight 
treatment and UV-treated leachates. Even though the treated extracts’ toxicity did not decrease 
to the level of the control organisms (increased emission of luminance), the treatments resulted 
in a reduction of toxicity compared with the organisms subjected to the untreated polymer 
leachate. All concentrations of the activated charcoal-filtered leachate exhibited over 75% 
luminescence compared with the control organisms. 
 
Figure 6.3. Aliivibrio fischeri (Microtox toxicity test) biological toxicity of the treated and untreated polymer 
extracts. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
6.3.2.2. Paramecium toxicity 
The results acquired from exposing the Paramecium caudatum to untreated and treated 
polymer leachates are summarised in Figure 6.4. When tested for biological toxicity on 
Paramecium caudatum, two out of the three treatments conducted individually on the polymer 
leachate showed reduced toxicity compared with the untreated polymer leachate. Organisms 
exposed to polymer leachate treated with activated charcoal filtering showed 100% survival in 
all tested concentrations of the leachate. Paramecium caudatum exposed to untreated pure 
(100%) leachate exhibited less than 10% survival, but organisms exposed to 100% polymer 
leachate treated with activated charcoal filtering showed 100% survival. Polymer leachate 
167 
 
exposed to simulated sunlight showed almost the same toxicity as untreated leachate. 
Paramecia exposed to leachate treated with UV exposure showed slightly less toxicity than 
that exposed to the untreated polymer extract, but in the 100% treated extract the Paramecia 
showed 0% survival. Among the three treatments tested on the polymer extract, activated 
charcoal filtering was found to be the most effective toxic remediation technique for 
Paramecium caudatum. 
 
Figure 6.4. Paramecium caudatum (Paramecium toxicity test) biological toxicity of the treated and untreated 
polymer extracts. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
6.3.2.3. Daphnia magna toxicity test 
The results of the post-treated Form 1 clear resin polymer leachate and untreated leachate 
biological toxicity on Daphnia magna are displayed in Figure 6.5. Daphnia magna showed 
increased survival in all the post-treated leachates compared with the untreated extract. Even 
though UV-exposed leachate showed 100% Daphnia magna survival in 20, 40, and 60% 
leachate along with over 75% survival in 80% leachate, in the 100% leachate none of the test 
subjects survived. Compared with the untreated extract survival of Daphnia magna, the 
organisms exposed to the leachate treated with simulated sunlight showed less toxicity. Test 
subjects exposed to all concentrations of the extract treated with activated charcoal filtering 
demonstrated 100% survival during the biological assay. These results demonstrated activated 
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charcoal filtering to be the most effective method of toxicity removal of the polymer extract 
for the Daphnia magna toxicity assay. 
 
Figure 6.5. Daphnia magna (Daphnia toxicity test) biological toxicity of the treated and untreated polymer 
extracts. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
6.3.2.4. Rotifer toxicity test 
Simulated sunlight exposure and UV treatment of the polymer leachate showed almost the 
same results in terms of Brachionus calyciflorus survival compared with the untreated polymer 
leachate toxicity. When the leachate treated with activated charcoal filtering was tested on 
Brachionus calyciflorus, it exhibited above 90% survival in all concentrations of treated 
leachate compared with the control test (see Figure 6.6). When the polymer leachate was 
treated with activated charcoal filtering, the survival of Brachionus calyciflorus increased from 
0% to over 90% in both 80% and 100% leachate compared with untreated extract. 
169 
 
 
Figure 6.6. Brachionus calyciflorus (rotifer toxicity test) biological toxicity of the treated and untreated polymer 
extracts. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
6.3.2.5. Zebrafish embryo toxicity test (FET) 
Based on the results obtained in subsection 3.3.3.5, zebrafish embryos were identified as the 
most sensitive organism among the test subjects used for biological toxicity testing of Form 1 
clear resin polymer leachate. The zebrafish embryos exposed to polymer leachate subjected to 
activated carbon filtering and UV treatment showed reduced toxicity compared with embryos 
exposed to untreated leachate (see Figure 6.7). Moreover, leachate exposed to simulated 
sunlight did not result in any reduction in embryo toxicity. The UV-treated 10% and 15% 
leachates showed increased survival compared with the untreated extract. All UV-treated 
leachate concentrations higher than 15% showed 0% survival in the test subjects, indicating 
the presence of toxicity in the post-treated UV leachate. Embryos exposed to activated 
charcoal-filtered leachate showed 100% survival in all test concentrations up to 100% of the 
treated leachate. After careful observation of the embryos exposed to leachate treated with 
activated charcoal filtering for 96 hours, no developmental deformities or hatching rate delays 
were observed in any of the test subjects. This represents a decrease in the toxicity of activated 
charcoal-filtered polymer leachate with regard to untreated polymer extract, as well as a similar 
survival rate compared with that of the control embryos. 
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Figure 6.7. Danio rerio (zebrafish FET test) embryo biological toxicity of the treated and untreated polymer 
extracts. Results are shown as mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
6.4. Discussion  
With such a large amount of plastic being produced and only approximately 20% being 
recycled, most ends up in landfills and aquatic systems (Allwood et al., 2010; Gourmelon, 
2015; Raynaud, 2014; Velis & Association, 2017). In the rapidly growing plastic industry, 
additive manufacturing that uses polymers and polymer additives is a rapidly growing market 
(Bandyopadhyay et al., 2015; Lipson & Kurman, 2013; J. Sun et al., 2015). Through confirmed 
research reports, it is evident that polymers, polymer additives, and leachates extracted from 
3D printed polymers demonstrate toxicity towards aquatic organisms (Mitchell & Wlodkowic, 
2018; Palomba et al., 2015). This chapter provides a detailed account of the remediation 
techniques used to remove the toxicity of the polymer leachate obtained from the post-cured 
solid objects printed using Form 1 photoreactive clear resin by FormLabs Form 1 SLA 3D 
printing systems, as well as chemical and biological assessments of the post-treated leachate, 
leading to the identification of the most effective technique for toxicity remediation. 
Based on the results obtained from Chapters 3, 4, and 5 concerning the toxicity testing of the 
polymer leachate and its most prominent component (1-HCHPK, a known cytotoxic 
compound), the biological toxicity of said polymer leachate was established (Sigma-Aldrich, 
2014; Yamaji et al., 2012). In recognition of the leachate’s toxicity, it is necessary to decide a 
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method to remove the toxicity of the effluent prior to discarding it in the aquatic environment. 
As discussed in this chapter’s introduction, various water treatment techniques have been 
implemented throughout the years. In this study, three techniques for removing the toxicity of 
the leachate were tested. Considering the photoinitiator activity of 1-HCHPK and presence of 
multiple components (including the polymers identified [see Figure 3.4] in the leachate), 
exposure to simulated sunlight, UV irradiation, and activated charcoal filtering were selected 
as treatment methods. Photodegradation and solar disinfection are known water treatment 
methods that remove contaminants using simulated sunlight (Reed, 2004; Sanchez-Prado et al., 
2006), and among other methods, phototransformation, photo-assisted Fenton processes, and 
photocatalytic oxidation use UV irradiation to treat contaminated water (Andreozzi et al., 1999; 
Canonica, Meunier, & Von Gunten, 2008; Peuravuori & Pihlaja, 2009). Additionally, activated 
charcoal was used due to its high adsorption capability for removing micropollutants from 
contaminated water (Altmann, Ruhl, Zietzschmann, & Jekel, 2014; Çeçen & Aktas, 2011; 
Chowdhury, 2013). 
GC-MS is a chemical analysis technique used to identify and quantify micropollutants in 
contaminated aquatic environments (Petrović et al., 2003); thus, this study used GC-MS to 
identify the presence of 1-HCHPK in the treated leachate to quantify and compare it with the 
nontreated leachate (see subsection 6.2.3). The chemical analysis results of the post-treatment 
leachate used to identify and quantify the presence of 1-HCHPK revealed a quantitative 
reduction in 1-HCHPK in all three leachates subjected to experimental treatments (see Figure 
6.2-B). Among the three treatment methods, activated charcoal filtering did not show any 1-
HCHPK presence during the detection and quantification process conducted using GC-MS 
analysis (see Figure 6.2). These chemical analysis results provided this researcher with 
confidence to develop the hypotheses that among the treatments that reduced the toxicity of the 
leachate, activated charcoal filtering could be the most effective toxicity reduction method. The 
main component of the leachate (1-HCHPK) is a known photoinitiator compound used as a 
component of the photoreactive 3D polymer resins, and cures at a UV radiation wavelength of 
405 nm (Zguris, 2016). Post-treatment reduction of 1-HCHPK in the presence of simulated 
sunlight and UV irradiation could be caused by the reaction of the compound with UV 
radiation. As described by Choi et al. (2005), the most successful method of removing 
endocrine-disrupting chemicals such as nonylphenol, BPA, and phthalates due to the known 
higher adsorption capability of activated charcoal must have resulted in the removal of 1-
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HCHPK from the leachate to an undetectable level (Bautista-Toledo et al., 2005; K. J. Choi et 
al., 2006).  
To further analyse the impact of the treatment methods applied to polymer leachate for 
removing or reducing its toxicity, five ecotoxicological experiments (Microtox toxicity test, 
Paramecium toxicity test, Daphnia toxicity test, rotifer toxicity test, and zebrafish FET test) 
were conducted using the same organisms used to confirm the toxicity of the leachate in 
Chapter 3. In all the biological experiments, the treated leachates showed a reduction in toxicity 
compared with the untreated leachate (see Figure 6.3 to Figure 6.7). Compared with the 
activated charcoal-filtered samples, the simulated sunlight-treated and UV-irradiated samples 
showed higher toxicity, although they were found to be less toxic than the untreated polymer 
leachate. Simulated sunlight-treated and UV-irradiated leachates’ toxicological results showed 
reduced toxicity, confirming the partial removal of the toxic components of the leachate during 
the treatments. These results correlated with the GC-MS results obtained for the quantification 
of 1-HCHPK in the treated leachates, with reduced toxicity in all treated leachates, with higher 
toxicity reduction levels displayed specifically in the activated charcoal-treated leachate. 
The biological toxicity results of the organisms subjected to the activated charcoal-filtered 
leachate were selected as the primary focus because of the absence of 1-HCHPK in the 
activated charcoal-filtered samples according to the GC-MS results. As per the Microtox 
experiment, over 75% luminescence was seen in all test concentrations compared with the 
control organisms. In this experiment, 100% untreated leachate luminescence production was 
found to be 48%, and 100% activated charcoal-filtered leachate luminescence production 
increased to 77% (see Figure 6.3). In the rotifer toxicity test, the survival of the organisms in 
all concentrations of activated charcoal-filtered leachate was above 90%; in the nontreated 80% 
and 100% leachate, none of the rotifers survived after 24-hour incubation; and only 26% 
survived in the 60% nontreated leachate (see Figure 6.6). Paramecium caudatum exposed to 
activated charcoal-filtered leachate showed 100% survival in all test concentrations, whereas 
that exposed to untreated leachate showed 6% survival in 100% leachate and 46% survival in 
40% leachate (see Figure 6.4). In the Daphnia toxicity test, all concentrations of the activated 
charcoal-filtered leachate showed 100% survival in 48 hours. Survival of the Daphnia exposed 
to nontreated leachate concentrations of 100, 80, 60, and 40% was observed to be 0, 7, 26, and 
60%, respectively (see Figure 6.5). Zebrafish embryos were determined to be the most sensitive 
organisms among the test subjects studied in Section 4.4. Embryos exposed to activated 
charcoal-filtered leachate showed 100% survival in all test concentrations after 96 hours, 
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including the treated 100% leachate. The initial embryo FET test results obtained with 
untreated leachate showed 0% survival of embryos in all leachate concentrations equal to or 
greater than 20% after 96 hours of exposure, whereas embryo survival in the 15% and 10% 
untreated leachates were 5% and 74%, respectively (see Figure 6.7). The absence of 1-HCHPK 
in the GC-MS results combined with toxicological results obtained using five biological 
organisms on the activated carbon treated leachate demonstrated the capability of polymer 
additive removal from aqueous solution by activated charcoal filtration, as previously 
demonstrated by multiple researchers on polymers and polymer additives such as pesticides, 
drug metabolites, pharmaceutical compounds (Margot et al., 2013), endocrine disruptors such 
as BPA, phthalates (Bautista-Toledo et al., 2005; Chang et al., 2012; K. J. Choi et al., 2006), 
and land fill leachate pollutants (Ghani et al., 2017). 
In sum, the results obtained from the chemical analysis and biological toxicity of the polymer 
leachates treated with simulated sunlight, UV irradiation, and activated charcoal filtering 
showed reductions in toxicity in the treated leachates. Among the GC-MS treatment results, 
the activated charcoal-filtered leachate showed an absence of 1-HCHPK, and corresponding 
with these chemical results, the biological toxicity tests conducted on Paramecium caudatum, 
Daphnia magna, and zebrafish embryos resulted in 100% survival of the organisms exposed 
to the activated charcoal-filtered leachate. Furthermore, no hatching rate delays or 
developmental abnormalities were observed in the zebrafish embryos exposed to the activated 
charcoal-filtered leachate. These results demonstrated activated charcoal filtering to be the 
most effective method for remediating the toxicity of Form 1 polymer leachate.  
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Chapter 7. Development of Proof-of-concept, Time-
Lapse Video Acquisition and Analysis System for 
High-Throughput Analysis of Zebrafish Embryo 
Spontaneous Activity 
 
7.1. Introduction 
As discussed in the introduction, developing high-throughput and more sensitive 
ecotoxicological test methods are principal requirements. Research conducted in the last few 
decades has demonstrated that sublethal endpoints such as development, reproduction, 
morphological and physiological defects, genetic alterations, and behavioural changes are more 
sensitive than conventional lethal endpoints used in environmental toxicology (Campana & 
Wlodkowic, 2017; Cartlidge et al., 2017; Fuad et al., 2018; Hu et al., 2009). The main emphasis 
in this project was high-throughput behavioural data acquisition on the early life stage 
spontaneous behaviour of zebrafish embryos along with rapid data analysis. 
 Zebrafish embryos were selected for this study because of the fast and simple method of 
breeding them in laboratory conditions, the ease of obtaining large numbers of embryos at once, 
the optical transparency of the embryos during the early developmental stages, their short 
embryo development time and small size, and their international status as an ethically accepted 
alternative to fish toxicity tests (Howe et al., 2013; Segner, 2009). Since 2000 when the first 
live zebrafish chemical screening on multiwall plates was initiated, numerous studies have been 
conducted using zebrafish embryos for chemical screening. Even though early work was 
mainly done on wild-type zebrafish with lethal, developmental, or morphological 
abnormalities, the field has developed significantly over the years with a greater understanding 
of the organism as well as technological advances (Rennekamp & Peterson, 2015). 
Furthermore, greater understanding of zebrafish embryo genesis with relation to early 
embryos’ multiple behavioural parameters have been developed and used as chemical 
screening techniques, involving ESA, EPR, ETR, and LPR assays, as discussed 
comprehensively in subsections 1.6.3.2 to 1.6.3.6. This chapter primarily focuses on the ESA 
assay for developing a semiautomated high-throughput behavioural analysis protocol.    
In zebrafish embryos, preliminary motor behaviour is initiated in the late segmentation stage 
that occurs around 17–19 hpf and lasts through to the pharyngula stage of embryo development. 
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This early behaviour is known to provide a readout for the identification of neurotoxic 
compounds, which is a nonvisual sensory behavioural response (Kokel et al., 2010; Kokel et 
al., 2013; Raftery et al., 2014). This motor behaviour is a result of a weak spontaneous muscle 
contraction that occurs due to the development of primary motor neurons; in contrast to other 
vertebrates, zebrafish embryos develop neural tubes and CNSs at the same time during the 
segmentation period (10–24 hpf), giving rise to the earliest embryo behaviour (Kimmel et al., 
1995). In the 17th somatic stage, the first myotomal contractions initiate; the neural tube has 
completely developed through the length of trunk; and the Rohon–Beard neurons, trigeminal 
ganglion neurons, and spinal primary motoneurons’ growth has advanced with axonal growth 
(Hanneman & Westerfield, 1989). Throughout the late somatic period, these myotomal 
contraction becomes stronger, more frequent, and more coordinated, leading towards the 
prime-5 pharyngula period at 24 hpf embryos with side-to-side lashing movement. During the 
prime-5 stage, the functionality of the sensory-motor reflexive circuits can be observed with 
revealing reflexive movements similar to spontaneous movements. After the prime-15 stage of 
the 30 hpf embryos, spontaneous body contractions start to reduce, and by the prime-25 stage 
of 36 hpf embryos these spontaneous movements and side-to-side lashings are so infrequent 
they are less than 1 per minute (Kimmel et al., 1995).  
Spontaneous tail coiling of 24–26 hpf zebrafish embryos were analysed by Selderslaghs et al. 
for understanding the locomotor activity of zebrafish embryos, for use as a test method for 
developmental neurotoxicity. In this experiment, researchers used chlorpyrifos as a toxicant to 
observe the neurotoxic effect of early zebrafish embryos using spontaneous tail coiling 
behaviour and 96 hpf larval swimming activity. Results revealed dose-dependent increases in 
the embryos’ spontaneous tail coiling behaviour in toxicant concentrations from 0.039 mg/L to 
10mg/L solutions, and larvae showed altered swimming behaviours in the range from 0.18 to 
0.75 mg/L of toxicant. These results demonstrated zebrafish ESA to be a reliable method for 
examining developmental neurotoxicity as well as it being more sensitive than the tested larval 
swimming behavioural assay (Selderslaghs, Hooyberghs, De Coen, & Witters, 2010). 
Researchers examining the toxicity of perfluorooctanesulphonicacid (PFOS) in terms of uptake 
kinetics and behavioural alterations used zebrafish embryos’ spontaneous movement at 25 hpf. 
Embryos were exposed at 6 hpf and tested at 25 hpf for spontaneous behaviour, and significant 
behavioural alterations were found in embryos exposed to PFOS, including prolonged 
simulating effects in 25 hpf embryos, thereby indicating early spontaneous behavioural activity 
to be a successful toxicant screening technique in zebrafish embryos (H. Huang et al., 2010). 
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Experiments conducted by Sara M. Vliet and her research group (Vliet et al., 2017) used 1,280 
pharmacologically active compounds from LOPAC’s 1280 chemical library to determine the 
impact of the chemicals on the aforementioned early embryo response; even though they could 
not deduce or distinguish between the mode of action on chemicals, they could swiftly identify 
the effective neuroactive compounds. They used time-lapse image acquisition systems and 
acquired 0.3-second images for 18 seconds to capture four wells at a time. Total image 
acquisition took approximately 30 minutes, leaving a 30-minute time difference between the 
first and last image. This did not lead to identical conditions and exposure times in embryos 
across the plate (Vliet et al., 2017). In 2014, a group of researchers used 15 of the most potent 
chemicals from the US EPA’s ToxCast Phase I chemical library, using zebrafish early 
embryos’ motor response for behavioural screening. They initially used 384-well plates, 
acquired 6-second images per well, and identified that because of time constraints they could 
not use the full plate per experiment; furthermore, the time difference was too high from the 
first embryo to the last on the plate, which resulted in variations in the spontaneous reaction of 
embryos. Even when control groups were added to each end of the plate to account for the 
variability and with only 6 seconds of imaging time per embryo, image acquisition took about 
1.4 hours per plate (Raftery et al., 2014). In both of the above examples, it is evident that 
toxicant exposure time across the plate in embryos are not identical; thus, imaging time was 
reduced, which could be a problem if proper representation of behavioural changes occurs due 
to the toxicant/external chemical’s impact.  
For zebrafish embryo behavioural data acquisition to be rapid and have a high throughput, 
manual handling should be minimised. Furthermore, developing a video acquisition protocol 
that could minimise the time delay between the specimen videos is essential for accurate data 
representation. Current limitations of using behaviour as a parameter for analysing 
chemobehavioural alterations in aquatic organisms including zebrafish embryo behaviour were 
discussed at length in subsection 1.6.3.6. For these reasons, developing a rapid high-throughput 
behavioural analysis protocol with a high-resolution video-imaging system using zebrafish 
embryos’ early behaviours could be beneficial for environmental toxicant screening. 
7.2. Materials and methods  
7.2.1. Biological test specimens 
The biological test specimens used in this experiment were wild-type zebrafish (Danio rerio, 
Tübingen strain) embryos. As explained in subsection 2.4.5, embryos were obtained at the 5-
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hpf growth stage and transferred to E3 embryo media (see subsection 2.3.5). Fertilised viable 
embryos were separated manually using a dissection microscope, and 50 embryos each were 
transferred into 7-cm petriplates with 20 mL of E3 media and stored at 28°C until the 
commencement of the experiments. For the behavioural analysis, 24-hpf embryos in the prime-
5 pharyngula stage were used because they exhibit rapid spontaneous activity that lasts through 
to the 36-hpf prime-25 development stage, providing a 12-hour study period.  
7.2.2. Embryo trapping device development 
The goal of this project was to develop a high-throughput, semiautomated, behavioural analysis 
protocol to minimise the chemical usage, labour requirement, and time consumption of using 
zebrafish embryos. For achieving this target test, chambers had to be miniaturised using 
microdevice designs inspired by LOC platforms. The objective was to drastically increase the 
amount of data gained. Chorionated embryos consist of a protein-based protective outer layer, 
which immobilises the embryos inside the well but allows twitching movements inside the 
chorion. The chorion of the embryos can be removed either mechanically or by using protease 
enzyme to yield dechorionated embryos. Once the chorion is removed, embryo movement is 
not limited to twitching, and they begin to free-float and swim. Without the chorion, toxicants 
have direct contact with the embryo; hence, they display higher sensitivity. For this reason, a 
need existed to design a chip-based system that can trap the embryos capable of swimming. 
The chip-based systems were designed using SolidWorks 2016. Fabrication of the devices was 
conducted using biologically compatible and optically transparent PMMA polymers with a 
noncontact 30-W infrared laser machining system as described in subsection 2.14.1.1. The 
diameter of the chip-based device was 15.5 mm, and it was manufactured as a cylindrical disc 
with a thickness of 6 mm. The device dimensions were calculated to be able to fit into a single 
well (with a diameter of 16 mm) of a standard Costar® 24-well cell culture plate to maximise 
the number of embryos that could be trapped in a single 24-well plate. 
Fabricated chip-based devices were mounted into standard Costar® 24-well microplates with 
5 µL of dichloromethane per device to bind the bottom of the chip device to the 24-well plate. 
Mounted plates were washed twice with Milli-Q water, twice with ethyl alcohol, and twice 
more with Milli-Q water as the final rinse. They were then dried in an oven at 35℃ for 1 hour 
before use. 
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7.2.2.1. Fish embryo toxicity test on the chip-based devices for embryo 
survival  
To observe the survival of the embryos on the newly fabricated devices that were mounted on 
standard 24-well plates, a standard FET test was carried out with modifications. One embryo 
per well in the device was introduced with the E3 embryo medium, and 100 embryos per 
replicate in three replicates per device were used to observe the survival of the embryos. 
Embryo survival was calculated using the four parameters provided in subsection 2.4.5. The 
FET test was conducted over 96 hours, and readings were taken every 24 hours as per the 
OECD guidelines. The OECD standard FET test with one embryo per well in 24-well plates 
with 2 mL of E3 embryo media was used as a control test. 
7.2.3. Video acquisition equipment development 
Developing a video acquisition system that can accommodate the aforementioned chip-based 
embryo trapping system was vital for the high-throughput data acquisition. The present study 
focused on the development of a proof-of-concept semiautomated video acquisition system. 
The main motivation was to develop a simple yet robust system that could substitute 
conventional imaging stations. To achieve this goal, two prototypes were developed for 
undisturbed continuous video acquisition through eliminating vital drawbacks in each step. 
7.2.3.1. Prototype 01 
A semiautomated video acquisition interface was designed using SolidWorks 2015. 
Biologically compatible and optically transparent PMMA polymer was used for the fabrication 
of the primary prototype using a noncontact 30-W infrared laser machining system (see 
subsection 2.14.1.1). The device consisted of a base plate with a miniaturised AM7013MT 
Premier camera (AnMo Electronics Corporation, New Taipei City, Taiwan), a frame that can 
accommodate a 24-well microplate and moves along the horizontal railing, and 25 ultra-white 
LEDs illuminating the specimens. 
7.2.3.1.1. Prototype 01 testing 
The aforementioned prototype was validated using aprotic solvent DMSO as the toxicant. The 
hypothesis was tested to observe highly sensitive sublethal behavioural endpoints in 
comparison to lethality concentrations using time-resolved videos acquired at fixed intervals 
from the chip-based device. The test was conducted in two phases: (i) a standard FET test was 
conducted with the toxicant to obtain an LC50 value, and readings were recorded every 24 hours 
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for 96 hours on embryos exposed to DMSO concentrations of 1, 2, 4, 6, and 8% (2.4.5); and 
(ii) videos of the chorionated embryos trapped in the chip device were acquired for behavioural 
analysis at 1 and 3 hours. The DMSO concentrations used in the behavioural test were 0.1, 0.5, 
1, 2, and 5%, and were chosen to be less than the LC50 value obtained from the FET test. Two-
minute videos were obtained for each well and analysed using DanioScope Noldus (Noldus 
Information Technology, The Netherlands) to obtain the percentage mean burst activity of the 
embryos. Behavioural data were normalised to the controls and presented as a percentage 
change compared with the control embryos. 
7.2.3.2. Prototype 02 
Prototype 02 was designed to address the issues encountered in the initial prototype. It was 
observed with the camera and plate movement during the experiment conducted using 
prototype 01 on continuous 2D linear motion results in microvibrational effects. These 
vibrations affected the embryo behaviour and video analysis because the pixel changes of the 
videos were monitored to quantify behavioural changes. This new prototype was designed to 
minimise the manual handling of the camera and sample tray during the experiment to avoid 
disturbance to the organisms and time delay during the video acquisition. Furthermore, an 
improved semiautomated video acquisition device was developed to further minimise 
vibrational disturbances, decrease manual handling, and increase throughput. This device was 
designed using SolidWorks 2015 and manufactured using a noncontact 30-W CO2 infrared 
laser machining system and MakerBot Replicator 2 desktop 3D printer (see subsections 
2.14.1.1 and 2.14.1.3 ). 
7.2.3.3. Time-resolved video acquisition 
High-definition videos for prototype 1 were acquired from the bottom of the 24-well microplate 
using a miniaturised AM7013MT Premier camera. The system was equipped with a 5-
megapixel CMOS sensor, variable magnification up to 200x, and an objective lens with a 
numerical aperture (NA) of 0.135. Video capturing for the improved video acquisition system 
was performed using the Canon 7D Mark II equipped with an APS-C CMOS (22.4 x 15.0) 
image sensor, 20.2 megapixels, and a 1,080 p, 60 frames per second video capturing capacity. 
This camera was coupled with a Tamron SP 90mm F/2.8 MACRO VC (Model F017) macro 
lens, enabling sharp, high-resolution image capture. Videos were captured at 60 frames per 
second at 120 apertures with an image resolution of Full HD 1,080 p. Remote operation of the 
camera was achieved using a Shotgun Atomos 4K video recorder, and videos from the camera 
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were transferred to the recorder at Full HD resolution and stored for further processing. In all 
of the experiments, 2-minute videos were captured every 3 hours for up to 12 hours during the 
biotest.  
Prototype 02’s video acquisition interface was used for video capturing the development of a 
sublethal, high-throughput, semiautomated behavioural analysis protocol. 
7.2.3.4. Video analysis protocol 
Captured videos from prototype 02 were post-processed prior to being analysed for behavioural 
data quantification. Each video was preprocessed using Adobe image processing software 2017 
(Adobe® Systems Incorporated, USA), and the 24-well primary video was cropped into four 
videos of six wells each for enhanced viewing and tracking of embryo movement and then 
converted to the .AVI file format to allow them to be analysed using the Dino-Lite software 
package on NTSC DVWidescreen 24 p Video codec DV PAL at 720 x 576 resolution at 25 
frames per second using Adobe Premiere Pro CC 2017 and Adobe Media Encoder CC 2017. 
 
Figure 7.1. Video analysis protocol: (A) 24-well standard micro-well plate with attached chip device, (B) video 
processing with Adobe Premiere Pro and video conversion with Adobe Media Encoder, (C) cropped and processed 
video on DanioScope software, (D) video analysis in DanioScope, (E) data obtained from DanioScope, and (F) 
data processing and analysing in Microsoft Excel. 
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Videos processed with the Adobe suite were transferred to DanioScope Noldus, manually 
allocated embryo tracking arenas, and had their movements tracked; this was achieved by 
activating activity measurements, and the thresholds were set as activity offset 1, activity onset 
0.1, minimum inter-peak intervals at 200 ms, and minimum inter-peak durations at 40 ms. The 
percentage mean burst activity was chosen for the behavioural toxicity data interpretation. The 
obtained data were exported to Microsoft Excel 2017, and the acquired data were sorted and 
analysed using custom-made Excel macro programs to obtain the relevant data groups for 
developing graphs with regard to toxicant impact on early embryo movement (see Figure 7.1). 
The obtained data groups were statistically analysed using the methods provided in Section 
2.15. 
 
Figure 7.2 Step by step work flow of the semi-automated high throughput video acquisition protocol and data 
analysis. 
7.2.4. Standardisation of the trapping device 
To standardise the embryo trapping device for chorionated and dechorionated embryos, a 
standard OECD FET test was conducted as per the protocol illustrated in subsection 2.4.5, with 
one embryo per well in a 24-well plate, and a modified FET test was performed with two major 
changes: (i) eight embryos in one well of a standard 24-well plate with 1 mL of E3 embryo 
media, and (ii) eight embryos in a chip-based device fixed to a 24-well plate with one embryo 
182 
 
per trap in E3 embryo media. These FET tests were conducted using 20 embryos per replicate 
with three replicates per test, and readings were taken every 24 hours for 96 hours. These tests 
were performed on 5-hpf and 24-hpf chorionated embryos and 24-hpf dechorionated embryos. 
The 24-hpf embryos were dechorionated manually to avoid any chemical interruption to their 
survival. 
In addition, the lethality to the embryos in the newly developed chip-based device was studied 
with an OECD standard FET test using six chemical compounds for the validation of the 
device. Each chemical was tested in the following concentrations in triplicate with 32 embryos 
per replicate, and results were taken from 96-hpf embryos. 
I. Copper (Cu) – 0.0156, 0.0313, 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0 mg/L 
II. Cadmium (Cd) – 1, 3.12, 6.25, 12.5, 25, 50 mg/L 
III. Lead (Pb) – 0.05, 0.1, 0.5, 1.0, 5.0, 10 mg/L 
IV. Phenol – 4, 8, 16, 32, 64, 128, 256 mg/L 
V. Diazinon – 0.01, 0.1, 1.0, 10, 100 mg/L 
VI. Nicotine – 50, 100, 150, 200, 250, 300 mg/L 
7.2.5. Standardisation of the control embryos’ behaviour 
To determine the assay variability of behaviour changes, control embryo behaviour was 
observed in replicates. First, 5-hpf zebrafish embryos were collected. Dead and unfertilised 
embryos were sorted, and healthy embryos were incubated at 28°C for 24 hours. Fifty percent 
of these embryos were manually dechorionated and added to the eight-well embryo traps. One 
well with eight traps was considered a replicate, and 10 replicates each were used for 
chorionated and dechorionated embryos. Using the prototype 02 video acquisition system, 2-
minute videos were captured after the first hour and every 3 hours for 12 hours. These videos 
were processed and analysed to obtain the percentage burst movement per minute. The data 
obtained were plotted to observe the variability among the replicates in 3-hour videos. 
Additionally, changes in behaviour were quantified between the chorionated and dechorionated 
embryos during the 12 hours. 
7.2.6. Reproducibility using copper and phenol as model toxicants 
The reproducibility of the behavioural variations of embryos trapped in the chip device was 
tested using copper chloride dihydrate and phenol as reference chemicals. Copper and phenol 
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were used as the standard test chemicals because they are commonly used reference chemicals 
in aquatic toxicology (Babich & Davis, 1981; Ebbs & Kochian, 1997; Michałowicz & Duda, 
2007; Pagenkopf, Russo, & Thurston, 1974; Phipps, Holcombe, & Fiandt, 1981; Solomon, 
2008); furthermore, researchers have observed zebrafish embryo behavioural alterations in the 
presence of these chemicals (Shaukat Ali, Champagne, & Richardson, 2012; Haverroth et al., 
2015). Tests were conducted with four replicates per concentration with eight embryos per 
replicate. The concentrations for copper were 0.0078, 0.015, 0.062, 0.25, 0.5, 1.0, and 2.0 
mg/L, and the phenol concentrations were 0.5; 2.0; 4.0; 8.0; 32, 064.0, and 128 mg/L. These 
concentrations were determined using FET tests results (see Figure 7.9 A and B). Both 
chemicals were tested on chorionated and dechorionated embryos and videos were acquired at 
the 1-hour timestamp and analysed to determine the mean burst movement of the embryos. 
Upon analysing the results with chorionated and dechorionated embryos, two representative 
concentrations were chosen per chemical. Behavioural experiments were conducted in four 
replicates with eight embryos per replicate.  
7.2.7. Zebrafish embryo toxicant data acquisition 
As the aforementioned experiments demonstrated, dechorionated embryo activity was higher 
than chorionated embryo motor response. The following experiments were conducted to study 
changes in embryo activity on different toxicant concentrations as well as to observe the 
sensitivity changes in dechorionated embryos against chorionated embryos with reference to 
embryo lethality. Additionally, this experiment was expected to allow observation of the early 
embryos’ behavioural changes with respect to toxicant concentration changes and exposure 
times. 
This experiment was conducted in three stages: (i) a 96-hour standard FET test was conducted 
on each chemical on 5-hpf embryos followed by modified FET tests on 24-hpf chorionated and 
dechorionated embryos, (ii) time-lapse behavioural data acquisition was conducted on 
chorionated embryos in each toxicant over a period of 12 hours, and (iii) dechorionated embryo 
behavioural data analysis was conducted over a period of 12 hours at predetermined time 
points. In this experiment, three inorganic compounds (copper, cadmium, and lead) and three 
organic toxicants (phenol, nicotine, and diazinon) were used. 
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7.2.7.1. FET test  
A standard FET test was conducted (see subsection 2.4.5) using all six chemicals on 5-hpf 
embryos, readings were taken every 24 hours over a 96-hour period, and LC50 values were 
calculated for 96-hpf embryos. All the toxicants were tested in triplicate, and of the 20 embryos 
per each replicate, each embryo was introduced to 2 mL of the test solution. 
To observe sensitivity changes in the 24-hpf chorionated and dechorionated embryos with a 
standard FET test, 5-hpf embryos were collected, sorted for viable embryos, and stored in a 
28°C incubator up to the 24-hpf embryo stage. For the chorionated 24-hpf embryo FET test, 20 
of the 24-hpf embryos were introduced to each well of the eight-well embryo trap in each 
concentration, and the experiment was conducted in triplicate. Lethality was recorded at 96 
hours, and the test was conducted at 28°C in the dark. Another batch of 24-hpf embryos was 
manually dechorionated and transferred to the embryo traps with predetermined toxicant 
concentrations. Lethality readings were taken at 96 hours using the parameters described in 
subsection 2.4.5. The concentrations used in these three FET tests were as follows: 
I. Copper – 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, and 0 mg/L 
II. Lead – 10, 5, 1, 0.5, 0.1, 0.05, and 0 mg/L 
III. Cadmium – 50, 25, 12.5, 6.25, 3.125, 1, and 0 mg/L 
IV. Phenol – 256, 128, 64, 32, 16, 8, 4, 2, and 0 mg/L  
V. Nicotine – 300, 250, 200, 150, 100, 50, and 0 mg/L 
VI. Diazinon – 100, 10, 1, 0.1, 0.01, and 0 mg/L 
 
7.2.7.2. Chorionated and dechorionated embryo behavioural analysis 
To observe behavioural patterns of chorionated and dechorionated embryos, 5-hpf embryos 
were collected and sorted for viable embryos, and 50 embryos per 7-cm petri plate with 30 mL 
of E3 media were incubated in the dark for 24 hours. To acquire behavioural data concerning 
chorionated embryos, one chorionated embryo was added to each well of the embryo trap, and 
each chip device was considered a replicate. These embryos were exposed to predetermined 
toxicant concentrations in quadruplicate, resulting in 32 embryos per concentration. These 
plates were introduced to the video-acquiring prototype 2, and 2-minute videos were captured 
every 3 hours for a 12-hour period using the method described in subsection 7.2.3.3. The videos 
were processed and analysed using the optimised protocol discussed in subsection 7.2.3.4. 
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Dechorionated embryos’ early behavioural data were acquired by dechorionating 24-hpf 
embryos and exposing them to toxicant concentrations using the abovementioned procedure 
for chorionated embryos. Results were graphed as percentage changes in early embryo 
behaviour relative to the controls. The concentrations of the chemical compounds used to 
record early embryo behaviour of chorionated and dechorionated embryos were as follows: 
I. Copper – 1, 0.25, 0.062, 0.015, 0.0039, and 0 mg/L 
II. Lead – 50, 5, 0.5, 0.05, 0.005, and 0 mg/L 
III. Cadmium – 50, 5, 0.5, 0.05, 0.005, and 0 mg/L 
IV. Phenol – 128, 32, 8, 2, 0.5, and 0 mg/L 
V. Nicotine – 250, 200, 150, 100, 50, and 0 mg/L 
VI. Diazinon- 10, 1, 0.1, 0.01, 0.001, and 0 mg/L 
7.3. Results  
7.3.1. Embryo trapping device development 
Four miniaturised chip-based devices were designed to trap 6, 8, 10, and 12 embryos in each 
device (see Figure 7.3). 
 
Figure 7.3. CAD designs of the chip-based devices: (A) Five-well trap with a radius of 2.4 mm per well, (B) eight-
well trap with a radius of 2.2 mm per well, (C) 10-well trap with a radius of 1.5 mm per well, and (D) 12-well 
trap with a radius of 1.5 mm per well. 
Each device contained 6, 8, 10, and 12 miniaturised embryo traps for individual embryo 
trapping and immobilisation, and the diameters of each trap in different chip-based devices, 
the amounts of E3 embryo media that could be accommodated in the trap, and the total 
amount of media that each trap could hold are listed in  
Table 7-1. Number of wells in the chip device; E3 media volume that could be accommodated in the respective 
wells; and chip devices. 
 
Number of Wells Radious of the well Volume of each well (mL) Total Volume in the Chip (mL)
5 2.4 108.6171429 543.0857143
8 2.2 91.26857143 730.1485714
10 1.5 42.42857143 424.2857143
12 1.5 42.42857143 509.1428571
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7.3.1.1. Fish embryo toxicity test on chip-based device for embryo survival  
Results from the embryo survival test conducted on the chip-based trapping device indicated a 
survival rate over 95% on the standard FET test for the embryo traps with six and eight 
embryos. Additionally, the survival of embryos in the devices with 10 and 12 embryo traps 
was less than 70% within the first 24 hours (see Figure 7.4). This revealed that the optimal 
number of embryos per trapping device without affecting the survival, providing high-
throughput results, was eight embryos in a single chip-based trapping device. 
 
Figure 7.4. Fish embryo toxicity test results for zebrafish embryos in 24-well standard microplates: embryo 
survival compared to the OECD standard technique of one embryo per well with 2 mL of E3 against 6, 8, 10, and 
12-well chip devices with embryos in E3 embryo media. 
 
7.3.2. Video acquisition equipment development 
7.3.2.1. Prototype 01 
Prototype 01 comprised four modules: (i) a one-dimensional (1D) stage with standard 24-well 
plate holder, (ii) the body of the system fabricated using laser-cut PMMA sheets, (iii) a sample 
illuminating panel with an ultra-white LED system for providing top illumination, and (iv) a 
2D stage for the camera (Dino-Lite AM7013MT Premier camera) enabling inverted video 
capturing functionality. This stage provided a perpendicular movement capability compared to 
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the stage that holds the 24-well sample tray, permitting a complete range of 2D movement on 
the sample tray and camera (see Figure 7.5).  
This camera system enabled a time-resolved video acquisition ability. To avoid disturbances 
caused by light diffraction from the meniscus of the aqueous layer of the chip-based device, 
the inverted microscopy configuration was chosen. Video acquisition conducted through the 
bottom of the plate allowed sharper images with superior focusing ability due to embryo 
sedimentation. 
 
Figure 7.5. Behaviour video acquisition Prototype 01 (CAD design of the video acquisition experimental setup). 
 
7.3.2.1.1. Prototype 01 testing 
The LC50 values for the standard FET tests results for 24- and 96-hour embryos were 5.921% 
and 2.340%, respectively (see Figure 7.6-A). These results were compared with previously 
reported results and confirmed (Akagi et al., 2014). 
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Figure 7.6. Mortality and behavioural results of zebrafish embryos using DMSO as the toxicant: (A) FET test data 
analysis of zebrafish embryos at 24 and 96 hours with LC50 values; (B) embryo behavioural response normalised 
to controls upon exposure to DMSO toxicant for 1 and 3 hours. 
The obtained behavioural response results indicated that embryos exposed to 0.1% DMSO 
showed a statistically significant increase (p < 0.05) in motor activity within 3 hours of 
exposure compared with the control embryos (see Figure 7.6-B). This behavioural response 
was observed at 2% of the LC50 value demonstrated by the DMSO FET test. There data were 
cross-referenced with data published on much older zebrafish larvae, and a consistent pattern 
was observed (Hallare, Nagel, Köhler, & Triebskorn, 2006; Y.-H. Wu, Wang, & Chen, 2011). 
This proved the capability of prototype 01 to quantify the early embryo motor responses at low 
toxic concentrations. This demonstrated the capacity of this technique to develop a more highly 
sensitive, novel neurotoxicity and neuromuscular toxicity bioassay for zebrafish embryos. 
Even with its limited functionality, this initial prototype provided a pilot behavioural data 
acquisition system that could be developed further. The main drawbacks of this system were 
identified as vibrational disturbances caused by plate and camera movement, as well as time 
delays during video acquisition. This prototype requires approximately 60 minutes to acquire 
2-minute videos from the individual wells of 24-well plates, creating a delay of more than 55 
minutes between the first and last videos. This gave rise to a problem in that the last embryos 
in the plate were exposed to the toxicants for a longer period compared with the embryos from 
the first well. The initial data were used to further develop the prototype through eliminating 
the drawbacks. 
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7.3.2.2. Prototype 02 
As a result of the aforementioned drawbacks, a mobile, high-throughput, time-resolved video 
acquisition system was developed. A further improved version of the video capturing 
equipment designed and developed is shown in Figure 7.7. The mobility of this device is crucial 
for locating the equipment in temperature-controlled areas, which allows for experiments 
conducted in any temperature-controlled environment. The 2D railing system enables the 
camera to be located under the sample plates, allowing bottom reading. The Canon 7D Mark 
II coupled with the Tamron SP 90mm F/2.8 MACRO VC (Model F017) macro lens was used 
as the optical device, and for time-resolved video capturing, the Full HD Shotgun Atomos 4K 
video recorder was used. This video recorder is capable of preprogramed time-resolved video 
capturing and minimises human interference during recording. Illumination for the video 
capturing was from a custom-manufactured LED lighting system. The sample tray was fitted 
with a vertical railing system, allowing it to be moved towards the camera’s focus range and 
locked for fine focusing. During operation, the camera was located under the sample tray and 
focused on the embryos. This locked-in camera and sample tray position before starting the 
video capturing eliminated all vibrational disturbances that could occur. Capturing high-
definition video using a camera coupled with a macro lens and retaining the resolution in the 
video recorder enabled capturing a 24-well plate in one image. This eliminated the time delay 
that occurred with the first prototype and resulted in more precise video capturing and 
considerably faster video analysis. 
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Figure 7.7. Zebrafish embryo early response video acquisition prototype 02 (CAD design of the video acquisition 
Prototype 02 and experimental setup). 
7.3.3. Standardisation of the trapping device 
The experiment on standardisation of the chop-based trapping device indicated that for the 
entire duration of the experiment, the percentages of embryo survival of 5-hpf chorionated 
embryos, 24-hpf chorionated embryos, and 24-hpf dechorionated embryos did not drop below 
95%. Survival of both chorionated and dechorionated embryos was did not differ significantly 
from the standard FET test survival. Additionally, the survival of the test with eight embryos 
per well with or without the chip-based device followed the same result pattern without 
significant differences in survival percentages (see Figure 7.8). 
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Figure 7.8. Embryo survival on chip-based microdevices: (A) standard FET test (one embryo, 2 mL of E3 media), 
FET with 1 mL of media with eight embryos in a well of a 24-well plate, and FET results with a microchip device 
in a 24-well plate test of eight embryos carried out on 5-hpf embryos; (B) standard FET test (one embryo, 2 mL 
of E3 media), FET with 1 mL of media with eight embryos in a well of a 24-well plate, and FET results with a 
microchip device in a 24-well plate test of eight embryos carried out on 24-hpf chorionated embryos; (C) standard 
FET test (one embryo, 2 mL of E3 media), FET with 1 mL of media with eight embryos in a well of a 24-well 
plate, and FET results with a microchip device in a 24-well plate test of eight embryos carried out on 24-hpf 
dechorionated embryos. 
The LC50 values of the FET tests conducted using chip-based devices on the toxicants were 
compared with the standard FET tests conducted on the same toxicants (Cu, Pb, Cd, phenol, 
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diazinon, and nicotine). The LC50 values observed for the standard FET test were as follows: 
Cu – 0.102; Pb – 3.4; Cd – 13.21; phenol – 5,163; diazinon – 4.32; and nicotine – 99.53 mg/L. 
Moreover, the chip device LC50 values were 0.121, 2.93, 13.56, 53.24, 8.441, and 141.41 mg/L, 
respectively (see Figure 7.9). These data provided positive results, indicating that compared to 
the FET test with the trapping device, the standard FET test did not have high variability, 
confirming that the chip-based device did not develop a significant difference in embryo 
survival. 
 
 
Figure 7.9. Embryo toxicity test results of standard FET compared with FET results obtained from embryos 
trapped in the newly developed eight-well chip device with six toxicants: (A) copper, (B) lead, (C) cadmium, (D) 
phenol, (E) nicotine, and (F) diazinon. 
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7.3.4. Standardisation of the control embryo behaviour 
The replicates of chorionated or dechorionated embryos in control wells containing chip-based 
devices showed comparatively similar behaviour patterns in terms of mean burst movement 
per minute (see Figure 7.10 A and B). No significant differences were observed between the 
replicates, and the percentage distribution of the individual embryos’ burst movement among 
all replicates is shown in Figure 7.10 (C, D), indicating that the majority of the population was 
concentrated in the mid-range.  
Comparing the results of the chorionated and dechorionated control embryo groups for the 3-
hour timestamp highlighted the increased behaviour of dechorionated embryos relative to that 
of chorionated embryos. These behavioural changes between chorionated and dechorionated 
embryos were further tested with 12-hour behaviour tests. Initial readings were taken at 1 hour 
and continued every 3 hours for 12 hours. The results obtained from this experiment are shown 
in Figure 7.10 (E and F), and the data show continuous increases in dechorionated embryo 
behaviour compared with chorionated embryos.  
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Figure 7.10. Embryo behaviour test results in E3 embryo media: (A) chorionated embryo 1-hour behaviour results 
obtained from 10 replicates; (B) dechorionated embryo 1-hour results acquired from 10 replicates; (C) percentage 
of chorionated embryo movements depicted with individual embryo results (1-hour results); (D) percentage of 
dechorionated embryo movements depicted in contrast to individual embryos (1-hour results); (E) comparison of 
chorionated and dechorionated embryo behaviour at the first hour test point; and (F) chorionated and 
dechorionated embryo behavioural changes across 12 hours. 
 
7.3.5. Reproducibility using copper and phenol as model toxicants 
As shown in Figure 7.10, with respect to dechorionated and chorionated embryos with both 
toxicants (phenol and copper), the same patterns of behaviour were observed as for the control 
embryos shown in Figure 7.11. Dechorionated embryos exhibited greater burst movements 
than did chorionated embryos irrespective of the toxicant. Copper chorionated embryos showed 
hyperactivity with an increase in toxicant concentration, but dechorionated embryos showed 
mild hypoactivity with the same chemical concentrations. Overall, between the chorionated 
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and dechorionated embryos’ burst movements, copper’s highest concentration behaviour with 
regard to control difference was over 108%. Data obtained using phenol showed hypoactivity 
for both chorionated and dechorionated embryos, but in dechorionated embryos the behaviour 
difference of the highest concentration with respect to the control chorionated embryos was 
observed to be more than 27% higher. 
The repeatability of the results was tested using 0.015 mg/L and 1 mg/L for copper and 32 
mg/L and 128 mg/L for phenol. These concentrations were chosen with regard to the LC50 
values of the relevant toxicants (see Figure 7.9), one above and one below, and were compared 
with the control embryos. Among the four replicates of chorionated embryos on copper, 
hyperactivity at a higher concentration was followed by hypoactivity at a lower concentration 
(see Figure 7.11-B), which was reproducible, and the same concentrations on dechorionated 
embryos on replicates showed the same pattern of hypoactivity (see Figure 7.11-F) compared 
with the pilot study (see Figure 7.11-E). Replicates with phenol as the toxicant showed similar 
patterns of reproducible hypoactivity (see Figure 7.11-D and H) of embryo burst movement in 
comparison with the pilot experiments (see Figure 7.11-C and G). 
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Figure 7.11. Embryo behaviour reproducibility results, no statistical significant difference shown among the 
replicates: (A) first hour chorionated embryo behaviour pilot test results exhibiting a range of copper 
concentrations; (B) reproducibility of the chorionated embryo results on copper 0.015 and 2 mg/L with four 
replicates; (C) first hour chorionated embryo behaviour pilot test results exhibiting a range of phenol 
concentrations; (D) reproducibility of the chorionated embryo results for phenol 32 and 128 mg/L with four 
replicates; (E) first hour dechorionated embryo behaviour pilot test results exhibiting a range of copper 
concentrations; (F) reproducibility of the dechorionated embryo results for copper 0.015 and 2 mg/L with four 
replicates; (G) first hour dechorionated embryo behaviour pilot test results exhibiting a range of phenol 
concentrations; and (H) reproducibility of the dechorionated embryo results for phenol 32 and 128 mg/L with four 
replicates. Results are shown as mean ± S.E; statistical significance is presented as P < 0.05. 
 
7.3.6. Zebrafish embryo toxicant data acquisition 
7.3.6.1. Copper toxicity 
The FET results (LC50) obtained using 5-hpf and 24-hpf chorionated embryos and 24-hpf 
dechorionated embryos with copper as the toxicant were 0.104, 0.107, and 0.106 mg/L, 
respectively, with no significant differences (see Figure 7.12-A). The chorionated embryo 
behaviour results showed a reduction in burst movement, indicating hypoactivity with 
increasing time and concentration (see Figure 7.12-B). Dechorionated embryos’ burst 
movement showed hypoactivity up to 9 hours and changed to hyperactivity at the 12-hour 
mark. Additionally, the embryos showed hyperactivity with increasing concentrations up to 
0.25 mg/L and activity reduction at the highest concentration (see Figure 7.12-C). By contrast, 
chorionated embryo behaviour exhibited statistical significance at 1 mg/L after 6 hours and 
0.25mg/L after 9 hours, and dechorionated embryos showed statistical significance at 0.015 
and 0.25 mg/L after 9 hours (see Figure 7.12-B and C). 
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Figure 7.12. Comparative toxicity test results for copper: (A) FET results on 5-hpf and 24-hpf chorionated 
embryos and 24-hpf dechorionated embryos, (B) chorionated embryo burst movements of 24-hpf embryos on 
copper, and (C) dechorionated embryo burst movements of 24-hpf embryos on copper. Results are shown as 
mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
7.3.6.2. Lead lethal and behavioural toxicity 
The 96-hour LC50 results for lead on 5-hpf and 24-hpf chorionated embryos and 24-hpf 
dechorionated embryos were 3.40, 4.00, and 3.59 mg/L, respectively (see Figure 7.13-A). 
Chorionated embryo burst movements showed increasing patterns of movement at two lower 
concentrations (0.005 and 0.05 mg/L), and movements decreased at higher concentrations (0.5, 
5, and 50 mg/L) at all time points (see Figure 7.13-B). In dechorionated embryos, all toxicant 
concentrations showed hypoactivity up to the 9-hour mark; at the 12-hour mark the initial three 
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concentrations showed increases in hypoactivity, whereas the last two concentrations showed 
decreases in hypoactivity (see Figure 7.13-C). Statistical analysis only revealed significance 
for 0.05 mg/L at 9 hours and 0.005 and 0.05 mg/L at 12 hours for the chorionated embryos, but 
dechorionated embryo behaviour presented statistical significance at 0.05 and 50 mg/L at 1 
hour; 0.5 and 50 mg/L at 3 hours; 0.005, 0.05, and 50 mg/L at 6 hours; and 0.05, 0.5, 5, and 50 
mg/L at 9 and 12 hours (see Figure 7.13-B and C). 
 
 
 
 
Figure 7.13. Comparative lead toxicity test results: (A) FET results on 5-hpf and 24-hpf chorionated embryos and 
24-hpf dechorionated embryos, (B) chorionated embryo burst movements of 24-hpf embryos on lead, and (C) 
dechorionated embryo burst movements of 24-hpf embryos on lead. Results are shown as mean ± S.E, n = 3; 
statistical significance is presented as P < 0.05. 
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7.3.6.3. Cadmium lethal and behavioural toxicity 
The FET LC50 values of the 5-hpf and 24-hpf chorionated embryos and 24-hpf dechorionated 
embryos on cadmium were observed to be 13.21, 22.48, and 23.05 mg/L, respectively. 
Dechorionated embryos showed higher LC50 values than chorionated 24-hpf embryos did, and 
the results of the standard FET test conducted on 5-hpf embryos’ LC50 value were lower than 
both 24-hpf embryo FET results (see Figure 7.14-A). Chorionated embryo burst movements 
indicated a pattern of increasing hypoactivity in all test concentrations except for 50 mg/L (see 
Figure 7.14-B). Dechorionated embryo behaviours exhibited hyperactivity at all time points, 
but decreased hyperactivity at the 50-mg/L concentration (see Figure 7.14-C). Chorionated 
embryos only showed statistical significance at 0.005 and 0.05mg/L at 12 hours, whereas 
dechorionated embryos showed statistical significance at 50 mg/L at 1 hour, 5 mg/L at 3 hours, 
0.05 mg/L at 6 and 9 hours, and 0.05, 0.5, and 50 mg/L at 12 hours (see Figure 7.14-B and C). 
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Figure 7.14. Comparative toxicity test results for cadmium: (A) FET results for 5-hpf and 24-hpf chorionated 
embryos and 24-hpf dechorionated embryos, (B) chorionated embryo burst movements of 24 hpf embryos on 
cadmium, and (C) dechorionated embryo burst movements of 24-hpf embryos on cadmium. Results are shown as 
mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
 
7.3.6.4. Phenol lethal and behavioural toxicity 
The zebrafish embryo lethality results (FET) obtained using 5-hpf and 24-hpf chorionated 
embryos and 24-hpf dechorionated embryos were 51.63, 141.73, and 85.91 mg/L, respectively. 
Both chorionated and dechorionated 24-hpf embryo FET test results on the chip-based device 
showed decreases in toxicity compared with the standard FET test performed on 5-hpf embryos 
(see Figure 7.15-A). Furthermore, between 24-hpf chorionated and dechorionated embryos, the 
latter showed higher toxicity. Behavioural analysis of the chorionated embryos revealed 
hyperactivity at all concentrations from 1 to 3 hours and at 9 and 12 hours, except for at 128 
mg/L, where the embryos showed hypoactivity (see Figure 7.15-B). Apart from those at the 
lowest concentration, all the dechorionated embryos showed a pattern of increasing 
hyperactivity up to 9 hours, and at 12 hours they showed a decrease in hyperactivity with 
increasing toxicant concentrations (see Figure 7.15-C). The statistical significance of 
dechorionated embryo movements was only observed at 9 and 12 hours at 128 mg/L, but in 
dechorionated embryos statistically significant behavioural changes compared to the control 
embryos were observed at the 1-, 2-, and 6-hour marks (see Figure 7.15-B and C). 
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Figure 7.15. Comparative toxicity test results for phenol: (A) FET results of 5-hpf and 24-hpf chorionated embryos 
and 24-hpf dechorionated embryos, (B) chorionated embryo burst movements of 24-hpf embryos on phenol, and 
(C) dechorionated embryo burst movements of 24-hpf embryos on phenol. Results are shown as mean ± S.E, n = 3; 
statistical significance is presented as P < 0.05. 
 
7.3.6.5. Nicotine lethal and behavioural toxicity 
The results of the nicotine lethality test conducted on 5-hpf and 24-hpf chorionated embryos 
and 24-hpf dechorionated embryos were 99.88, 136.44, and 151.40 mg/L, respectively. In 
contrast to the other toxicant results, dechorionated embryo toxicity in the chip-based device 
showed lower toxicity with reference to the other two assays, but both toxicity tests conducted 
using 24-hpf embryos showed lower toxicity than the test conducted using 5-hpf embryos, as 
expected (see Figure 7.16-A). This experiment demonstrated hypoactivity in lower-
concentration toxicants in 1-hour burst movements as well as increased hyperactivity in higher 
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concentrations throughout the behaviour experiment on chorionated embryos with statistically 
significant results at 3 hours for 150 mg/L and 12 hours for 50 and 250 mg/L (see Figure 7.16-
B). Dechorionated embryos demonstrated increased hyperactivity through the 1-hour to 9-hour 
marks but showed a reduction of hyperactivity on nicotine concentrations except for 250 mg/L. 
Additionally, dechorionated embryos showed much higher statistical significance throughout 
concentrations and timelines (1 hour for 200 and 250 mg/L; 3 hours for 50, 100, 150, and 200 
mg/L; 6 hours for all concentrations; 9 hours for all concentrations except 50 mg/L; and 12 
hours for 250 mg/L) (see Figure 7.16-B and C). 
 
 
 
Figure 7.16. Comparative toxicity test results for nicotine: (A) FET results for 5-hpf and 24-hpf chorionated 
embryos and 24-hpf dechorionated embryos, (B) chorionated embryo burst movements for 24-hpf embryos on 
nicotine, and (C) dechorionated embryo burst movements of 24-hpf embryos on nicotine. Results are shown as 
mean ± S.E, n = 3; statistical significance is presented as P < 0.05. 
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7.3.6.6. Diazinon lethal and behavioural toxicity 
The FET tests conducted using the known organophosphate compound diazinon on the 5-hpf 
and 24-hpf chorionated embryos and 24-hpf dechorionated embryos produced LC50 value 
results of 4.32, 5.75, and 1.26 mg/L, respectively. Tests conducted using 24-hpf chorionated 
embryos showed lower toxicities compared with the 5-hpf embryos; moreover, the test 
conducted using dechorionated embryos had higher toxicity results compared with both 
aforementioned experiments (see Figure 7.17-A). The burst movements observed in 
chorionated embryos exhibited hyperactivity at all toxicant concentrations except 0.01 mg/L 
throughout the experiment, and at 0.01 mg/L they showed decreasing hypoactivity during the 
experiment (see Figure 7.17-B). The dechorionated embryo behaviour test revealed initially 
reduced activity (1 hour) and hypoactivity in increasing concentrations throughout the trial (see 
Figure 7.17-C). Furthermore, dechorionated embryo burst movements revealed a greater 
number of statistically significant results compared with control embryos throughout the 
experiment (3 hours for 0.001 and 10 mg/L, 6 hours for 0.001 and 0.1 mg/L, 9 hours for 0.001 
mg/L, and 12 hours for 0.001, 0.1, and 1 mg/L), making dechorionated embryos’ statistically 
significant data output to be far higher than that of chorionated embryos, being 1 hour for 1 
mg/L and 3 to 12 hours for 10 mg/L. This demonstrated the higher sensitivity of dechorionated 
embryo movement on diazinon (see Figure 7.17-B and C). 
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Figure 7.17. Comparative toxicity test results on diazinon: (A) FET results on 5-hpf and 24-hpf chorionated 
embryos and 24-hpf dechorionated embryos, (B) chorionated embryo burst movements of 24-hpf embryos on 
diazinon, and (C) dechorionated embryo burst movements of 24-hpf embryos on diazinon. Results are shown as 
mean ± S.E, n = 3; statistical significance is presented as P < 0.05.  
 
7.4. Discussion  
The purpose of this study was to develop a high-throughput, semiautomated neurobehavioural 
analysis protocol using chorionated and dechorionated zebrafish embryos to minimise 
chemical usage, labour requirement, and time consumption. In doing so, this project focused 
on three major features. The initial step was to develop a device that could be used with a 
conventional off-the-shelf container to trap embryos in the minimum amount of liquid; the 
second step was to develop a semiautomated video acquisition and analysis protocol; and the 
third and final step was to standardise the method and demonstrate the use of the developed 
system on known toxic chemicals to establish the effect of toxicity on early-stage embryo 
behaviour compared with conventional FET (lethality) experiments. 
Zebrafish embryos were used as a proxy model for neurotoxicity and behavioural analysis due 
to the vast amount of knowledge accumulated from relevant research on such embryos’ 
development, neurogenesis, behavioural development, and embryo physical features such as 
their small size, optical transparency, and rapid growth (see subsection 1.6.2). Among multiple 
parameters developed as early behavioural assays (ESA, EPR, ETR, and LPR assays) in 
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zebrafish embryos (He et al., 2011; Kokel et al., 2010; Kokel & Peterson, 2011; Raftery et al., 
2014; Ton et al., 2006) in this part of the study, ESA initiated at the 17th somite stage (17–19 
hpf embryos) that lasts through to the prime-25 pharyngula stage was used (Kimmel et al., 
1995). Early ESA alterations have been successfully used by researchers to analyse the 
neurotoxicity and neurobehavioural toxicity of numerous chemical compounds (H. Huang et 
al., 2010; Raftery et al., 2014; Selderslaghs et al., 2010; Vliet et al., 2017). 
Chip-based devices have been used for developing behavioural analysis protocols using 
multiple organisms to attain miniaturised test chambers, reduce test chemical requirements, 
and reduce time costs and labour requirements, leading to high-throughput data collection 
(Campana & Wlodkowic, 2017; Cartlidge et al., 2017; Cartlidge & Wlodkowic, 2018; Fuad et 
al., 2018; Hu et al., 2009). To develop the embryo trap, the readily available standard 24-well 
Costar® multiwall plate was used as the container. The main task was to develop a small device 
that could entrap multiple healthy embryos in a single well of the 24-well plate with the 
minimum liquid required during the test period. As shown in subsection 7.2.2, four chip-based 
devices were developed (see Figure 7.3 and  
Table 7-1) and tested to observe the embryo viability during a period of 96 hours; this study 
discovered that 5-hpf embryos introduced into six and eight-well devices demonstrated survival 
above 95%, which is similar to the embryo survival of the FET test conducted with OECD 
standards. Embryo traps containing 10 and 12 traps per chip showed a drop in embryo survival 
below 75% within 24 hours (see Figure 7.4). These data led to identifying the eight-well chip-
based device as the most appropriate embryo trapping mechanism for the behavioural analysis 
protocol, because it allows the maximum number of embryos per chip with the minimum media 
requirement. 
The second step was to develop a basic video capturing technique as a proof-of-concept device 
to capture embryo behaviour videos. This was vital for obtaining reproducible, high-throughput 
experimental data with the least human involvement possible, resulting in a low labour 
requirement with minimum operational costs (see subsections 1.6.3.1 and 1.6.3.6). This was 
accomplished by developing video acquisition prototype 01, as described in subsection 7.2.3.1. 
This device enabled the collection of videos of each well of a 24-well plate containing eight 
embryos at a time. This equipment was tested using DMSO as a model toxicant and comparing 
the behavioural data obtained at two different times with LC50 values obtained at the 24 and 
96-hour marks from a standard FET test conducted with DMSO. This data comparison revealed 
206 
 
a change in the embryos’ behaviour with a change in concentration in relation to the control 
embryos, as well as a decrease in behaviour as the time increased. The greatest change of 
behaviour compared with the controls was identified as being above a 200% increase at 1 hour 
with 0.5% of the toxicant; this increase was obtained at 10% for the 24-hour LC50 value (see 
Figure 7.6). These data proved the higher sensitivity of the assay in a shorter exposure time. 
These results addressed the hypothesis that behavioural data as a sublethal endpoint is capable 
of providing more sensitive, less time-consuming data on toxicants of interest. Even though 
this prototype could answer some of the initial questions, it did not address all the difficulties 
focused on the initial project outline. The first drawback of this system was identified as the 
time delay in embryo video acquisitions between the wells of the 24-well plate, leading to a 
difference of over 55 minutes between the first well of the plate and the last. This could lead to 
embryos’ prolonged exposure to toxicants, which would affect the behaviour patterns observed. 
The second problem identified was the movement of the camera and microplate containing the 
embryos, which could lead to minor vibrational disturbances that could affect the embryo burst 
movement. Furthermore, this experiment required a great deal of time and labour. 
To rectify the aforementioned problems, this researcher developed a modified secondary video 
acquisition protocol as described in subsection 7.2.3.2. This device eliminated all the 
vibrational interferences that occurred throughout the first experiment by locking the focused 
camera and sample tray in place prior to commencing the experiment. The technical ability of 
the Canon camera used in the experiment made it possible to capture HD videos of an entire 
24-well plate, eliminating the time delay between the images of the individual wells in the 
plate. The Shotgun video recorder in this new prototype enabled automated time-resolved video 
capturing once the device was programmed accordingly. This led to a reduction in manual 
handling, eliminating constant human errors and interference in video recording. This video 
acquisition equipment, combined with an eight-well chip device fixed in a 24-well plate, was 
used to standardise the chip device and achieve reproducibility of acquired data. In 
standardising the chip-based device with chorionated and dechorionated embryos, a standard 
OECD FET test was conducted with 5-hpf embryos and compared with 24-hpf chorionated and 
dechorionated embryo FET tests. The data provided in Figure 7.8 shows the embryo survival 
in the chip-based device to be similar to that in a standard FET test. Further embryo survival 
was tested with six toxicants in FET tests comparing standard FET tests with 24-hpf 
chorionated embryo modified FET tests, as described in subsection 2.4.5. The results obtained 
clarified that the LC50 values of these tests were similar (see Figure 7.9). 
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Upon standardising the behaviour of the embryos in the chip-based device, they were tested 
against the control embryos, and it was observed that within 10 replicates of chorionated and 
dechorionated embryos behaviour remained consistant (see Figure 7.10). Toxicant-exposed 
embryos were tested starting at the prime-5 pharyngula stage (24 hpf) with high spontaneous 
activity in developing embryos all the way to prime-25 pharyngula stage (36 hpf) where the 
spontaneous activity was reduced to an average of 1 per minute (Kimmel et al., 1995). The 
observed behaviour patterns were in a similar range without any statistical significance. 
Furthermore, the behaviour patterns of the dechorionated embryos exhibited higher embryo 
movement compared with the chorionated embryos (see Figure 7.10). This was expected 
because the chorion acts as a protective layer and limits the movement of the embryos within 
it. Dechorionated embryos are not limited by these factors; therefore, they are more sensitive 
to their environment (Braunbeck & Lammer, 2006).  
The reproducibility of the dechorionated and chorionated embryo behaviours in response to 
chemical stimuli was tested using copper and phenol as reference chemicals. The behaviour 
results were acquired from chorionated and dechorionated embryos exposed to predetermined 
toxicant concentrations for 1 hour. These experimental data provided distinct behaviour 
patterns for each chemical in the chorionated and dechorionated stages. For the two 
concentrations, one higher and one lower than the LC50 value were chosen and tested in 
quadruplicate to determine similarities in behaviour patterns. The results proved that the 
exposed embryos followed the same behavioural patterns to those recognised in the pilot 
experiments, demonstrating the reproducibility of the experiments (see Figure 7.11). Similar 
experiments have been conducted by Raftery et al. (2014) using paraoxon as a reference 
toxicant and Vliet et al. (2017) using abamectin, and results were comparable (Raftery et al., 
2014; Vliet et al., 2017). 
Once the control behaviour standardisation and experimental reproducibility were established 
in the behavioural data analysis protocol, this newly developed method was tested using three 
inorganic and three organic toxicants. The data obtained were compared with conventional 
zebrafish embryo FET tests to comprehend the sensitivity of the experiment and develop a 
deeper understanding of the relationship between the toxicity and behavioural anomalies with 
reference to the existing toxicological and behavioural knowledge concerning the toxicants 
used. 
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The behavioural results obtained from the six reference toxicants were categorised as changes 
observed in the context of inorganic heavy metals and organic toxicants applied to chorionated 
and dechorionated embryos. As per the FET results demonstrated in Figure 7.12 through Figure 
7.17, the reference toxicants’ LC50 values for dechorionated and chorionated embryos 
indicated higher sensitivity in dechorionated embryos. Additionally, they showed that with age, 
the embryos’ sensitivity towards the toxicants remained while the ESA reduced because of 
standard embryo development (Kimmel et al., 1995; Raftery et al., 2014). This phenomenon 
has been observed in earlier studies (Ansari & Ansari, 2015; Braunbeck & Lammer, 2006). 
Fish embryo work by Braunbeck and Lammer indicated that dechorionated zebrafish embryos 
are significantly more sensitive at sublethal endpoints, but also showed that increased toxicity 
affects the lethal endpoints. Research conducted on toxicity, permeability, and chilling 
sensitivity of cryoprotectants has also emphasised the sensitivity of dechorionated embryos 
over chorionated zebrafish embryos in the cryopreservation process (Mary Hagedorn, 
Kleinhans, Artemov, & Pilatus, 1998; M Hagedorn, Kleinhans, Wildt, & Rall, 1997). Research 
conducted by (Cheng, Flahaut, & Cheng, 2007) on the effect of carbon nanotubes on aquatic 
environments using zebrafish embryos with the help of a scanning electron microscope showed 
that the chorion acts as a protective barrier. A 2011 study on a zebrafish embryo dechorionation 
procedure using the cationic polymer Luviquat HM 552 demonstrated higher toxicity in 
dechorionated embryos compared with chorionated embryos (Henn & Braunbeck, 2011). 
Comparing all abovementioned studies concerning dechorionated embryos and their greater 
sensitivity to embryo behaviour results obtained in the present experiment using six reference 
toxicants, a similar pattern emerges of obtaining higher significance in the behaviour of 
dechorionated embryos compared with chorionated embryos. 
Among all significant changes in behaviour with reference to the control embryos observed 
with all reference chemicals, one critical fact is that they were all obtained within a period of 
12 hours, which is from the prime-5 through to prime-25 pharyngula stages of zebrafish embryo 
development (Kimmel et al., 1995). The standard FET results were obtained after 96 hours, 
which makes this method 87.5% faster than the standard FET test. The behaviour results 
observed with the inorganic reference toxicants copper (see Figure 7.12), lead (see Figure 
7.13), and cadmium (see Figure 7.14) with and without chorions showed statistical significance 
within 12 hours of exposure to each toxicant, and dechorionated embryos showed more 
statistically significant results when exposed. These embryos showed initial hyperactivity 
followed by hypoactivity, and in high toxicant concentrations they exhibited hyperactivity, 
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indicating high embryonic toxicity leading to death. Inorganic metal toxicity in early embryos 
as well as in later developmental stages has been studied and resulted in behavioural alteration 
patterns. Behavioural profiling of 60 embryos identified several behavioural responses of 
zebrafish embryos in the presence of toxic compounds (Shaukat Ali et al., 2012); furthermore, 
several studies conducted during the last few decades using zebrafish have shown similar 
patterns in the behaviour toxicity of copper (Haverroth et al., 2015), lead (Rice, Ghorai, 
Zalewski, & Weber, 2011), and cadmium (Dubińska-Magiera et al., 2016; LeFauve & 
Connaughton, 2017; Meinelt et al., 2001).  
The organic toxicants used in the present study were phenol (see Figure 7.15), nicotine (see 
Figure 7.16), and diazinon (see Figure 7.17). The results also indicated that dechorionated 
embryos were more sensitive to chemical stimuli than were chorionated embryos. In the phenol 
treatment, a biphasic response was observed, starting with gradual stimulation followed by 
suspension over time, which aligns with a relevant study (Shaukat Ali et al., 2012). The 
behavioural response to nicotine showed initial hypoactivity followed by hyperactivity coupled 
with a higher response observed in dechorionated embryos. Relevant studies on the different 
life stages of zebrafish have shown that exposure to nicotine can lead to developmental and 
genetic alterations, which can have significant effects on embryos’ neurobehavioural response, 
as shown in the results obtained in the present study (Klee, Ebbert, Schneider, Hurt, & Ekker, 
2011; Petzold et al., 2009). In response to the insecticide diazinon, the embryos exhibited 
hypoactivity leading to hyperactivity with the increase in toxicant concentration, and a 
significant increase in activity was shown in dechorionated embryos. These behavioural 
changes were observed in earlier research on diazinon and diuron in later developmental stages 
(Velki, Di Paolo, Nelles, Seiler, & Hollert, 2017). 
In conclusion, the development of a simple embryo trap that can be mounted on a standard 24-
well microplate enabled the observation of more sensitive responses of dechorionated and 
chorionated embryos, as discussed above. The development of the new high-throughput video 
acquisition system enabled the recording of the early embryo behaviour of 192 embryos in a 
single video without compromising the length or quality of the videos. This allowed for 
observing and studying the embryos’ behavioural changes throughout their development in the 
presence of toxic compounds. This proof-of-concept technology for neurotoxicity and 
neuromuscular toxicity tests based on changes in early embryo burst movement exhibited by 
Danio rerio embryos enables understanding the importance of sublethal early behavioural 
210 
 
responses compared with conventional lethality tests in a short timeframe with lower 
concentrations of environmental toxicants in a statistically relevant sample size. 
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Chapter 8. Summary and Conclusion 
 
8.1. Summary and achievements 
Plastic products and their derivatives are a major group of pollutants that affect all ecosystems 
worldwide (Parker, 2016). Most of these products are not biodegradable and remain in the 
environment for a long time, and furthermore, most end up in aquatic ecosystems, causing 
adverse effects in the biota. In 2015, the global production of plastics amounted to 448 million 
tonnes, which was a significant increase of 67% since 2012 (Gourmelon, 2015; Parker, 2016). 
Because only 20% of plastic products are recycled, most directly end up in aquatic 
environments and landfills, and eventually polymer and polymer additives leach out into 
aquatic bodies (Gourmelon, 2015; Raynaud, 2014). Polymer additives such as BPA, BPS, 
phthalates, and PBDE have been identified as toxic to aquatic organisms in numerous studies 
(Crain et al., 2007; Meeker et al., 2009; Talsness et al., 2009; Teuten et al., 2009).  
The additive manufacturing industry is one of the fastest growing industries of the last few 
decades, and uses a significant amount of solid and liquid polymers in its manufacturing 
processes. The components used in this industry must be studied for their environmental 
toxicity to identify the potential threats they pose and determine techniques for effective 
remediation (Allwood et al., 2010; Velis & Association, 2017). Relevant studies on multiple 
3D printing polymer resins, including Formlabs photoreactive Dental LT clear resin, Autodesk 
Resin: PR57-K-v.2 Black (Autodesk, 2016; Formlabs, 2017), and components that are used in 
3D printing polymer resins such as methyl methacrylate, diphenyl (2,4,6-trimethylbenzoyl) 
phosphine oxide, and methyl acrylate (Sigma-Aldrich, 2015, 2016, 2017) as well as the 
leachates derived from 3D printed polymers (VisiJet Crystal; - Watershed 11122XC, Dreve 
Fototec 7150 Clear, VisiJet SL Clear resin, and Form 1 Clear resins) have been proven to be 
toxic to aquatic organisms (Macdonald et al., 2016; Palomba et al., 2015). Even though no 
large body of work exists on 3D polymer resins, few research papers have demonstrated the 
toxicity of polymer leachates obtained from 3D printed objects developed using the SLA 
technique, which is a commonly used 3D printing technique (Macdonald et al., 2016; Mitchell 
& Wlodkowic, 2018; Palomba et al., 2015). 
Chapter 3 focused on a 3D-printed plastic leachate that could be a potential micropollutant. 
Polymer leachate extracted from post-cured 3D printing polymer objects printed with 
FormLabs Form 1 SLA 3D printing systems using Form 1 clear photoreactive resin was 
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for its toxicity on zebrafish (Danio rerio) embryos, Daphnia magna, rotifers (Brachionus 
calyciflorus), Paramecium caudatum, and Aliivibrio fischeri. Four test organisms (Danio 
embryos, Daphnia magna, Brachionus calyciflorus, and Paramecium caudatum) showed 
effects in 100% leachate, and Aliivibrio fischeri showed a decrease in luminescence 
with controls. Among the test organisms, zebrafish embryos were found to be the most 
sensitive, having an LC50 value of 10.96% leachate in 96-hour exposed embryos. These 
biological assays confirmed the toxicity of the polymer leachate and agreed with the toxicity 
of the 3D printing polymer leachates observed before (Macdonald et al., 2016; Palomba et al., 
2015). The leachate was analysed using GC-MS to identify and quantify its primary toxic 
component. Several components in the leachate were identified (see  
Table 3-1), and 1-HCHPK was found to be the most prominent component, amounting to 
212.16 mg/L. Since zebrafish embryos were found to be the most sensitive organisms among 
the test subjects, the toxicity of 1-HCHPK was tested using a zebrafish embryo FET test, and 
the LC50 value of the compound was found to be 60 mg/L. The toxicity of 1-HCHPK was 
further confirmed by the known cytotoxicity of the compound in the literature (Kawasaki et 
al., 2015; Yamaji et al., 2012). Biological and chemical analyses identified 1-HCHPK as the 
most prominent toxic compound in the leachate. 
Considering the biological assay results obtained in Chapter 3, zebrafish embryos were used 
as the model organism for further studying the toxicity of the leachate obtained from the 3D 
printed products obtained using Form 1 clear photoreactive resin. The developmental toxicity 
of 3D printing polymer on zebrafish embryos was observed with multiple deformities (reduced 
embryo length, delayed swim-bladder development, enlarged yolk extension, darkening of the 
yolk sac, lack of eyes, heart and yolk sac oedema) visible in the exposed embryos by previous 
researchers (Macdonald et al., 2016; Oskui et al., 2015). Embryos exposed to the leachate 
showed delayed hatching rates and developmental abnormalities within 48 hours of exposure, 
indicating cellular-level distress (see Figure 4.1). Exposed 48-hpf embryos developed 
embryonic abnormalities such as LP, TDA, PO, SD, yolk sack oedema, and abnormal 
development of the embryo head, as seen in relevant research conducted on 3D printing 
polymer toxicity (Macdonald et al., 2016; Oskui et al., 2015). 
The induction of oxidative stress caused by ROS production in the presence of polymer and 
polymer additives, such as BPA, BPS, and NP has been observed in zebrafish embryos (Gu et 
al., 2019; M. Wu et al., 2011). Natural cellular metabolic processes are known to produce free 
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radical and nonradicals as by-products that are known to be toxic to biological organisms. 
Because they are natural defence mechanisms, they are capable of detoxifying toxic products 
to create balanced nontoxic environments in cells (Livingstone, 2003; Valavanidis et al., 2006). 
When these defence mechanisms are interrupted or an excess amount of nonradical and free 
radical by-products are produced, this leads to oxidative stress at the cellular level. Oxidative 
stress can lead to oxidative damage in cellular components, such as nuclear material proteins 
and lipids (Livingstone, 2003; Tan et al., 1998). As discussed in subsection 1.5.5.1, oxidative 
stress can ultimately lead to programmed cellular death or apoptosis (Ott et al., 2007). This can 
occur because of the impairment of mitochondrial functionality through altering mitochondrial 
membrane permeability, which can initiate caspase-mediated cellular apoptosis (Kannan & 
Jain, 2000; Ott et al., 2007). To confirm the oxidative stress developed in the exposed embryos, 
the treated embryos were studied using a battery of common oxidative stress markers. Embryos 
exposed to leachate and 1-HCHPK showed increased activity in SOD, GST, MDA, and protein 
carbonyl biomarkers, confirming an increase in ROS in the exposed embryos. Embryos tested 
with a catalase assay showed a reduction in catalase activity, which could be explained by the 
large increase in the embryos’ SOD activity. SOD converts OH⁻ free radicals to H2O2, and the 
high concentration of H2O2 decreases the catalase activity in cells (O'Neill, 1972; Vasudevan 
& Weiland, 1990). The bioassay results confirmed the development of oxidative stress in the 
embryos exposed to leachate through increases in ROS production and the impact of 1-HCHPK 
in the leachate through generating ROS.  
Zebrafish embryos exposed to leachate and 1-HCHPK were used to confirm cellular apoptosis 
using the annexin-V transgenic fish line (Tg(-3.5ubb:secANXA5-mVenus)) and caspase-3 
assay. Results obtained in both bioassays showed a significant increase in apoptotic cells in the 
embryos exposed to the treatments. Annexin-V embryos were exposed to treatments in 
combination with ascorbic acid as an ROS inhibitor to identify the cause of cellular apoptosis 
in the embryos exposed to polymer leachate and 1-HCHPK. Embryos exposed to the ascorbic 
acid mixture showed a reduced number of apoptotic cells compared with the organisms 
exposed to toxic treatments, indicating the induction of ROS had caused oxidative stress in the 
cell leading to cellular apoptosis. The pan-kinase inhibitor z-VAD-fmk was used in a whole-
mount immunohistochemistry (Caspase-3) assay in combination with test concentrations of the 
leachate and 1-HCHPK solution to confirm the apoptotic pathway. Embryos exposed to the 
pan-kinase inhibitor z-VAD-fmk mixture showed significant reductions in apoptotic cells 
compared with the embryos exposed to the relative toxicant concentrations, confirming that the 
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caspase-dependent pathway was the most prominent mechanism of apoptosis induction in the 
embryos exposed to treatments. To the best of our knowledge, this is the first research study 
published on oxidative stress caused by ROS generation and apoptosis caused by the caspase-
dependent pathway because of 3D printed polymer leachate toxicity (Walpitagama et al., 
2019).   
Zebrafish embryos were used as a proxy model for neurotoxicity and neurobehavioural toxicity 
of the polymers and polymer additives with the vast knowledge obtained on embryo 
development, neurogenesis, and embryo behaviours (Kimmel et al., 1995; Kokel et al., 2010; 
Kokel et al., 2013; Raftery et al., 2014). As discussed in Chapter 1, researchers have used 
multiple behavioural parameters such as ESA, EPR ETR, and LPR (see subsections 1.6.3.2 to 
1.6.3.5) combined with neurotransmitter AChE activity (see subsection 1.6.2.2.1) and neurone 
development (see subsection 1.6.2.2.3). In this research, the neurotoxicity and 
neurobehavioural toxicity of the polymer leachate obtained using 3D printed polymer 
components produced with Form 1 clear photoreactive resin were tested using multiple 
parameters. Early zebrafish embryo behaviour and larvae locomotor behaviour were recorded 
after exposure to the polymer leachate. In both embryos and larvae, with increasing 
concentrations of the toxicant, increasing hypoactivity was observed. This could be caused by 
the toxicity of the leachate resulting in delayed hatching, developmental deformities, and an 
increase in apoptosis, as explained above. To further explain the toxicity of the leachate, an 
AChE assay was conducted. The embryos exposed to the leachate and 1-HCHPK showed 
inhibited activity in the AChE neurotransmitter. AChE is a neurotransmitter enzyme that is 
vital in transmitting signals through neuromuscular synapses, and alterations or disturbances 
in this activity are capable of leading to behavioural alterations (Quinn, 1987). Furthermore, 
the alamarBlue test conducted using exposed embryos to quantify the metabolic rate through 
changes in energy expenditure at the cellular level (S. Y. Williams & Renquist, 2016) showed 
reduced metabolic activity in the 10% leachate and 16 and 60 mg/L 1-HCHPK. Inhibition of 
AChE neurotransmitter activity and the reduction in the metabolic rate could also explain the 
hypoactivity seen in the organisms in the presence of the leachate. Even though the exposed 
embryos exhibited the aforementioned behavioural changes, no abnormalities were observed 
in the Tg(isl1:GFP),Tg(actc1b:mCherry-CAAX) transgenic embryos exposed to treatments in 
terms of motor neuron or skeletal muscle development. This research confirmed that the 
toxicity of the leachate caused cellular apoptosis. Apoptosis occurred primarily through the 
caspase-dependent pathway, and occurred because of the increased oxidative stress expressed 
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through the induction of ROS. Furthermore, the leachate was capable of inhabiting the 
neurotransmitter AChE and reducing the metabolic activity in the embryos. The 
abovementioned toxic effects of the leachate resulted in a reduced hatching rate, developmental 
deformities in zebrafish embryos, and diminished behavioural capacities in embryos and 
larvae. 
In addition, this research focused on remediating the toxicity of the Form 1 clear resin 3D 
printing polymer leachate using a simple, cost-effective technique. With the rapid development 
of the additive manufacturing industry, large amounts of polymers and polymer additives are 
being used in 3D printing processes (Bandyopadhyay et al., 2015; Lipson & Kurman, 2013; J. 
Sun et al., 2015). As observed, vast amounts of plastics and polymer products are not recycled 
and end up in landfills and aquatic environments (Allwood et al., 2010; Velis & Association, 
2017). Because small molecular weight monomers and polymer additives leach into aquatic 
systems, finding techniques to remove them from water bodies is crucial (Macdonald et al., 
2016; Oskui et al., 2015; Palomba et al., 2015). Various methods have been used to remove 
complex polymers and polymer additives from aquatic environments, such as activated carbon, 
UV irradiation, membrane filtration, ion exchange, ozonation, and photochemical reactions has 
been implemented in removing complex polymers and polymer additives such as BPA, dyes 
from textile effluents including polymers and of landfill leachate pollutants from the aquatic 
medium (Ghani et al., 2017; Lachheb et al., 2002; Robinson et al., 2001). Because the SLA 3D 
printing technique tested in the present study is a commonly used method (Cooke et al., 2003; 
Gross et al., 2014) and the Form 1 clear photoreactive resin that was found to be toxic in this 
research and the equipment are commercially available, off-the-shelf items, it was imperative 
to look for a remediation technique that could be implemented and afforded by the general 
public. Toxic polymer leachate was treated with simulated sunlight, UV irradiation, and 
activated charcoal filtering separately for 12 hours. The treated leachate was tested using GC-
MS to identify and quantify the presence of 1-HCHPK. The results of the chemical analysis 
indicated a reduction of 1-HCHPK in all treatments, but activated charcoal-filtered leachate 
showed the absolute absence of 1-HCHPK in the GC-MS readings, making it the most 
promising treatment. To further confirm the chemical analysis results and identify the reduction 
in the toxicity of treated leachates, biological assays were implemented. Treated leachates were 
tested on the same five organisms (Danio rerio embryos, Daphnia magna, Brachionus 
calyciflorus, Paramecium caudatum, and Aliivibrio fischeri), which were used to confirm the 
toxicity of the untreated leachate. The results indicated a decrease in toxicity in all five 
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bioassays in all three treated leachates compared with the untreated leachate. Confirming the 
chemical analysis results, activated charcoal-filtered leachate had the lowest toxic effect. 
Furthermore, 100% of the zebrafish embryos, Daphnia magna, and Paramecium caudatum 
survived in all the leachate concentrations treated with activated carbon filtering, and zebrafish 
embryos displayed no developmental deformities or hatching rate delays. After the GC-MS 
and bioassay results were analysed, it was apparent that activated charcoal filtering was the 
most effective method of remediating the toxicity of Form 1 clear resin 3D printing polymer 
leachate. Relevant studies on removing polymer and polymer additives from aqueous mixtures 
has proven activated carbon to be a reliable method of removing these chemicals because of its 
high adsorbent capacity (Bautista-Toledo et al., 2005; Chang et al., 2012; K. J. Choi et al., 
2006; Ghani et al., 2017; Wirasnita et al., 2014). 
The final experimental chapter (Chapter 7) described the development of a semiautomated, 
high-throughput video capturing and analysis protocol capable of toxicant screening using 
early zebrafish embryo behaviour. Zebrafish embryos are commonly used model organisms 
that have been used in many areas of scientific research. In this study, they were used to develop 
the abovementioned protocol predominantly because of their optical transparency, small size, 
rapid development, and high sensitivity, as well as the ease of maintaining them in laboratory 
conditions (Howe et al., 2013; Segner, 2009). The earliest expression of zebrafish embryo 
behaviour starts at 17–19 hpf when embryos develop primary motor neurons that give rise to 
spontaneous muscle contractions (Kimmel et al., 1995). This early spontaneous activity of the 
embryos has been used as a behavioural analysis protocol for neurobehavioural analysis known 
as an ESA assay (see subsection 1.6.3.2). In this project, a chip-based device was developed 
that is capable of trapping eight dechorionated or chorionated embryos per chip. The 
biologically compatible and optically transparent cylindrical device measured 15.5 mm in 
diameter and 6 mm in height, dimensions that allowed it to be inserted into a single well of a 
standard Costar® 24-well cell culture plate. This design maximises the embryo immobilisation 
by allowing 192 embryos to be trapped in a single 24-well microplate.  
The final prototype of the semiautomated video acquisition system was designed with a video 
acquisition and analysis system comprising a Canon 7D Mark II camera coupled with a Tamron 
SP 90 mm F/2.8 macro lens for video acquisition and a horizontal railing system used for 
placing the camera directly under the samples. The sample holder fits a vertical railing system, 
which enables the samples to be moved towards the camera’s focus range. This prototype 
allowed the camera to be locked into position to capture images of samples in a 24-well plate 
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in a single frame as full HD time-resolved video recordings. This removed manual handling of 
the experimental setup after the experiment had commenced, eliminating all vibrational 
disturbances while providing results of 192 embryos per 24-well microplate. Video post-
processing was conducted using Adobe Premiere Pro CC 2017 and Adobe Media Encoder CC 
2017. The post-processed videos were analysed, and early embryo behaviour was quantified 
using DanioScope Noldus. 
Embryo behavioural changes were tested using copper (Haverroth et al., 2015), cadmium 
(Dubińska-Magiera et al., 2016; LeFauve & Connaughton, 2017; Meinelt et al., 2001), lead 
(Rice et al., 2011), phenol (Shaukat Ali et al., 2012), nicotine (Klee et al., 2011; Petzold et al., 
2009), and diazinon (Velki et al., 2017), which has demonstrated neurobehavioural alterations 
upon exposure. Compared with the LC50 values obtained using conventional FET tests on 
zebrafish embryos, three significant advantages were observed in the newly developed 
behavioural analysis protocol. This protocol is capable of acquiring time-resolved behavioural 
toxicity data from 192 chorionated or dechorionated embryos within a 12-hour timeframe (the 
timeframe can be changed according to the experimental requirements). The behavioural data 
obtained from the embryos exposed to the toxic concentrations showed statistically significant 
changes compared with the control embryos. Statistically significant behaviour difference of 
the embryos exposed to the toxicants were observed in lower concentrations compared with 
the LC50 values obtained by conventional FET tests, confirming the higher sensitivity of the 
behavioural results. Furthermore, this system enabled the observation of gradual changes in 
early embryo behaviours caused by exposure to multiple toxicant concentrations throughout 
the experimental timeframe. This work could be used as a semiautomated, high-throughput, 
time-resolved environmental toxicant and pharmaceutical drug-screening technique based on 
zebrafish embryo behavioural responses. Compared to the other existing neurobehavioural 
assays (EPR, ETR, LPR) on zebrafish embryos and larvae, some limitations are seen in the 
ESA assay. Even though ESA assay is capable of analysing early embryo spontaneous activity, 
only a few hours of a window is available for the active data collection, since the effects of the 
prolonged exposure are unavailable. Furthermore, at this stage of the embryo development 
nervous system has not fully developed and fully functional; due to this reason, advanced 
behavioral responses such as advanced optical behaviour and swimming behaviour cannot be 
tested using this technique (Kokel et al., 2010; Kokel & Peterson, 2011). With the behavioural 
results obtained, this device was found to be reproducible and relatable with the research work 
discussed earlier; the same technique was used for observing the effect of the neurobehavioural 
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toxicity of the leachate obtained from the 3D printed articles developed using Form 1 clear 
photoreactive resin in Chapter 5, and results obtained from the exposed embryos revealed 
altered behaviours (see Figure 5.4), as discussed above.  
Due to the high throughput data acquisition, reduced labour, and time requirement achieved by 
semi-automation, proven reproducibility, and unsophisticated video acquisition protocol, this 
technology can be further developed for the commercial application. The use of readily 
available standard 24 well microplate with minor modifications to conduct the experimental 
procedure is another beneficial aspect of the technique on commercialising the product. 
Furthermore, this equipment is developed with off the shelf readily available camera system, 
video recorder, video, and data analysing software’s (Adobe premiere pro, DanioScope Noldus, 
and Microsoft Excel) assists in reducing the equipment developing cost, allowing 
manufacturing a low-cost commercial product. 
 
 
8.2. Conclusions 
This PhD research project engaged in analysing the aquatic toxicity of the 3D printing polymer 
Form 1 clear photoreactive resin leachate as a potential micropollutant using an array of 
experiments. The polymer resin of interest is a photoreactive resin used to develop polymerised 
plastic products in the additive manufacturing process, which is a rapidly growing industry. 
The biological results obtained via the toxicological assays established the toxicity of the 
leachate using multiple organisms. Chemical analysis conducted via GC-MS confirmed 1-
HCHPK to be the most prominent component in the leachate, and the zebrafish embryo toxicity 
test established the toxicity of 1-HCHPK. With further work, it was evident that leachate 
toxicity caused delayed hatching rates, developmental malformations, and diminished 
behaviour patterns in the test subjects as a result of apoptosis induction, oxidative stress, AChE 
inhibition, and reduced metabolic activity. Through the mechanistic exploration of leachate 
toxicity in zebrafish embryos, the leachate was discovered to cause cellular apoptosis through 
the caspase-dependent pathway because of elevated oxidative stress levels, and the ability of 
the leachate to generate ROS was the cause of these elevated oxidative stress levels. Altered 
behavioural patterns observed in embryonic and larval zebrafish were attributed mainly to the 
neurotoxicity and neurobehavioural toxicity of the polymer leachate tested. These results 
supported the existing body of work on the toxicity of polymer additives and leachates. Finally, 
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toxic remediation of the polymer leachate was experimented on using simple, cost-effective 
techniques. Activated charcoal filtering of the leachate was found to be the most effective 
remediation technique among the methods tested. This was established through GC-MS results 
confirming the absence of 1-HCHPK in the treated leachate as well as biological results 
providing evidence of higher survival among the organisms tested in the activated charcoal-
filtered leachate. 
Furthermore, a semiautomated, high-throughput bioassay protocol was developed to acquire 
and analyse the spontaneous activity of zebrafish embryos, and this technique was used in 
acquiring the behavioural abnormalities observed in the presence of Form 1 clear photoreactive 
resin. The results obtained using the semiautomated, time-resolved video acquisition and data 
analysis protocol were more sensitive than the lethal endpoints and provided high-throughput 
data concerning the toxicity effects on embryo behaviour throughout the experimental period; 
moreover, the procedure was less time- and labour-consuming than a conventional FET test.  
 
8.3. Future work 
Even though this study focused on the polymer leachate extracted from Form 1 clear resin used 
in SLA 3D printers and established its toxicity, numerous chemical products still need to be 
tested for their environmental impact. These chemicals must be analysed extensively to 
understand their potential environmental impact. This could be achieved through the 
mechanistic exploration of their chemical toxicity using new chemical analytic techniques such 
as GC-MS, LC-MS, and LLC-MS, as well as biological methods including ELISA techniques, 
antibody antigen reactions, and genetic markers (Green, 2011; Hoyt et al., 2003; Petrović et 
al., 2003; Scholz et al., 2008; Shi et al., 2011).  
Few research studies have been published on the organism-level toxicity of 3D printing 
polymers (Macdonald et al., 2016; Oskui et al., 2015; Palomba et al., 2015; Feng Zhu, Timo 
Friedrich, et al., 2015), and according to current literature, almost no work has been published 
on cellular-level toxicity on oxidative stress and apoptosis pathways of 3D printing resins, 
polymers, or polymer leachates. The neurotoxicity and neurobehavioural toxicity of 3D 
printing polymers and polymer additives must be analysed using multiple parameters available, 
including behavioural parameters such as ESA, EPR ETR, and LPR assays developed using 
zebrafish embryos and larvae (Kokel et al., 2010; Kokel et al., 2013; Kokel & Peterson, 2011; 
Pietri et al., 2009; Raftery et al., 2014); changes in neurotransmitter AChE (Q. Chen et al., 
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2017; Xu, Shao, Zhang, Zou, Chen, et al., 2013; Y. Zhou et al., 2017); genetic markers (Fan et 
al., 2010; Gu et al., 2019); and neurodevelopmental alterations using transgenic organisms 
(Blader et al., 2003; Haga et al., 2009; Wen et al., 2008). Further studies must be conducted on 
the toxicity of the large amount of polymer products available on the market that are used in 
the 3D printing industry (Mitchell & Wlodkowic, 2018).  
The newly developed behaviour analysis protocol provides an optimistic development towards 
high-throughput chemical screening; however, a large vacuum remains in the field of 
environmental toxicology and pharmacology concerning fully automated, rapid, high-
throughput chemical screening techniques. Using recent developments in imaging and video 
acquisition, such as 4K and 8K high-resolution cameras with improved lenses, automated data 
analysis and recognition algorithms, artificial intelligence, and computer programming 
software, future researchers should focus on developing fully automated chemical cataloguing 
systems. In doing so, researchers must determine the most suitable technique for video 
capturing and behaviour analysis, as discussed by Henry et al. (2019), illustrating the 
discrepancies demonstrated in behavioural results caused by video recording formats (recorded 
resolution, file format, frame rate, codecs, and compression levels) and video analysis software, 
such as Ethovision XT ver. 14, ToxTrac ver 2.83, and LoliTrack ver. 4 (Jason  Henry, 
Rodriguez, & Wlodkowic, 2019). Less labour-intensive, less time-consuming, and more cost-
effective techniques must be found for identifying the environmental toxicants that could be 
used with multiple biological test organisms.  
Depending on the toxicology results, researchers and industries should focus on developing 
new techniques and products that are more biocompatible and environmentally friendly for the 
additive manufacturing industry. This could minimise the potential environmental pollutants 
accumulating in aquatic ecosystems. Furthermore, these toxicological data could be used to 
develop new environmental legislation and reinforce current global environmental standards.  
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Chapter 10. Appendix. 
 
10.1. Images of semi-automated high throughput video 
acquisition prototypes 
 
 
Chip-based embryo trapping device 
 
 
Chip-based embryo trapping device with zebrafish embryos. 
 
Chip-based embryo trapping device in standard Costar® 24-well cell culture plate. 
 
 
 
 
 
 
 
 
 
 
 
Prototype 01 
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CAD design of the video acquisition Prototype 02 and experimental setup. 
 
Image of the completed video acquisition Prototype 02 and experimental setup. 
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Prototype 01 video acquisition system with laptop controller. 
 
Prototype 02 
 
 
CAD design of the video acquisition Prototype 02 and experimental setup 
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Image of the completed video acquisition Prototype 02 and experimental setup 
 
Railing systems developed for prototype 02 video aqusition system, 2D horizontal railing for 
the camera and vertical 2D railing system for the sample tray. 
 
1 
 
 
10.2. Statistical analysis data on the experiments conducted  
 
 GC-MS analysis of 3D printing polymer leaching rate (Section 3.3.2.2). 
 
Polymer stability (Cube 4)  Polymer leaching rate (Cube1)  Polymer leaching rate (Cube10) 
Days Sig P Value  Days Sig P Value  Days Sig P Value 
1 NO 0.855623438  1 NO 0.166648632  1 NO 0.219910317 
2 NO 0.971881606  2 YES 3.47565E-07  2 NO 0.016054495 
3 NO 0.893391076  3 YES 5.25305E-13  3 YES 0.001974305 
4 NO 0.881919031  4 YES 4.01586E-13  4 YES 3.00512E-05 
5 NO 0.979839542  5 YES 6.66612E-13  5 YES 1.3967E-05 
6 NO 0.699352933  6 YES 1.7232E-13  6 YES 1.08648E-05 
7 NO 0.884733462  7 YES 1.57242E-13  7 YES 6.75608E-06 
8 NO 0.943668995  8 YES 2.02594E-13  8 YES 2.61359E-06 
9 NO 0.990666409  9 YES 1.36704E-13  9 YES 3.28323E-06 
10 NO 0.946147129  10 YES 1.1777E-13  10 YES 1.58424E-06 
0 
 
 Microtox test on initial polymer leachate and treated polymer leachates (Sections 
3.3.3.1 and 6.3.2.1). 
  
Leachate  Activated charcoal  S.S Light UV 
Sig P-value Sig P-value Sig P-value Sig P-value 
100% YES 3.1E-07 Yes  0.008550099 YES 2.8E-05 YES 0.00078 
75% YES 7.1E-07 No  0.053462593 YES 5.8E-05 YES 0.00117 
50% YES 3.2E-06 No  0.057638994 YES 0.00049 YES 0.00292 
25% YES 4.5E-06 No  0.050036304 YES 0.00092 YES 0.00588 
 
 Paramecium Toxicity test on initial polymer leachate and treated polymer 
leachates (Sections 3.3.3.2 and 6.3.2.2). 
  
Leachate  Activated charcoal  S.S Light UV 
Sig P-value Sig P-value Sig P-value Sig P-value 
100% YES 1.7E-16 NO N/A YES 2E-19 YES 3.5E-18 
80% YES 1E-13 NO N/A YES 3.2E-17 YES 5E-14 
60% YES 1E-13 NO N/A YES 3.5E-15 YES 1.8E-13 
40% YES 2.2E-10 NO N/A YES 1.7E-11 YES 1.8E-10 
20% NO 1 NO N/A NO 0.17439 NO 1 
 
 Daphnia Toxicity test on initial polymer leachate and treated polymer leachates 
(Sections 3.3.3.3 and 6.3.2.3). 
  
Leachate  Activated charcoal  S.S Light UV 
Sig P-value Sig P-value Sig P-value Sig P-value 
100% YES 1.6E-23 NO N/A YES 8.1E-22 YES 6E-31 
80% YES 1.2E-22 NO N/A YES 2.1E-21 YES 6E-31 
60% YES 1.1E-19 NO N/A YES 7E-17 YES 4.3E-13 
40% YES 1.2E-12 NO N/A YES 1.7E-07 NO 1 
20% NO 1 NO N/A NO 1 NO 1 
 
 Rotifer toxicity test on initial polymer leachate and treated polymer leachates 
(Sections 3.3.3.4 and 6.3.2.4). 
  
Leachate  Activated charcoal  S.S Light UV 
Sig P-value Sig P-value Sig P-value Sig P-value 
100% YES 4E-22 NO 0.277275917 YES 3.2E-19 YES 9.8E-21 
80% YES 4E-22 NO 0.277275917 YES 3.2E-19 YES 9.8E-21 
60% YES 2.6E-18 NO 0.584169537 YES 1.6E-15 YES 5.6E-19 
40% YES 1.9E-11 NO 0.277275917 YES 3.6E-09 YES 1.7E-09 
20% NO 1 NO 0.277275917 NO 1 NO 1 
1 
 
 
 Zebrafish embryo toxicity test on initial polymer leachate and treated polymer 
leachates (Sections 3.3.3.5 and 6.3.2.5). 
  
Leachate  Activated charcoal  S.S Light UV 
Sig P-value Sig P-value Sig P-value Sig P-value 
100% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
80% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
60% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
40% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
35% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
30% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
25% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
20% YES 1.4E-20 NO N/A YES 1.6E-24 YES 3.5E-26 
15% YES 4.7E-20 NO N/A YES 1.7E-17 YES 3.5E-26 
10% YES 6.7E-08 NO N/A YES 4.3E-06 YES 5.5E-23 
5% NO 0.61419 NO N/A NO 0.46734 NO 0.39505 
 
 Zebrafish embryo toxicity test on 1-HCHPK (Section 3.3.4). 
  
Leachate  
Sig P-value 
200.00 YES 1.23E-20 
150.00 YES 2.18E-17 
100.00 YES 3.91E-16 
50.00 YES 4.76E-09 
25.00 YES 1.49E-07 
12.50 NO 0.306677 
 
 Zebrafish embryo developmental toxicity and hatching rate observations of 3D 
printing polymer leachate (Section 4.3.1). 
Developmental abnormalities   
   
Concentration Sig P Value 
5% Extract NO 1 
10% Extract NO 0.172308297 
15% Extract YES 7.78275E-07 
20% Extract YES 7.50562E-08 
30% Extract YES 2.61212E-06 
 
Hatching rate   
2 
 
   
Concentration Sig P Value 
5% Extract YES 0.001242638 
10% Extract YES 1.80424E-05 
15% Extract YES 5.30819E-06 
20% Extract YES 5.30819E-06 
30% Extract YES 3.35756E-06 
 
 Biochemical analyses for oxidative stress (Section 4.3.3). 
Superoxide dismutase (SOD) assay. 
Treatment Sig P Value 
 +VE Control YES 1.00898E-09 
10% Extract YES 2.33848E-07 
20% Extract YES 1.21469E-17 
1-HCHPK 16mg/L YES 3.2863E-11 
1-HCHPK 60mg/L YES 1.08992E-23 
 
Catalase assay. 
Treatment Sig P Value 
 +VE Control YES 0.000283257 
10% Extract NO 0.185736001 
20% Extract YES 0.000635117 
1-HCHPK 16mg/L YES 2.62422E-05 
1-HCHPK 60mg/L YES 9.35314E-09 
 
Glutathione S-transferase (GST) test. 
Treatment Sig P Value 
 +VE Control YES 6.39523E-05 
10% Extract NO 0.444357856 
20% Extract YES 0.010485607 
1-HCHPK 16mg/L YES 0.03190014 
1-HCHPK 60mg/L YES 0.00044794 
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Malondialdehyde (MDA) test. 
Treatment Sig P Value 
 +VE Control YES 7.60619E-07 
10% Extract NO 0.67530158 
20% Extract NO 0.388002563 
1-HCHPK 16mg/L YES 0.038028312 
1-HCHPK 60mg/L YES 0.017133418 
 
Protein carbonyl test. 
Treatment Sig P Value 
 +VE Control YES 0.000459045 
10% Extract YES 2.8242E-05 
20% Extract YES 1.66082E-09 
1-HCHPK 16mg/L YES 0.005993216 
1-HCHPK 60mg/L YES 1.60724E-15 
 
 Whole-mount immunohistochemistry (caspase 3 assay) (Section 4.3.4) 
Treatment Recovery 
Treatment Sig P Value Sig P Value 
 +VE Control YES 1.93968E-10  -   -  
 -VE Control Recovery YES 0.001328128 YES 0.001328128 
20% Extract YES 3.72784E-18 
YES 1.6524E-22 20% Extract Recovery YES 0.002318683 
1-HCHPK 60mg/L YES 3.14525E-23 
YES 3.22212E-25 1-HCHPK 60mg/L Recovery NO 0.105798922 
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 Externalisation of phosphatidylserine residues (Annexin A5 affinity assay) 
(Section 4.3.5). 
Treatment Recovery 
Treatment Sig P Value Sig P Value 
 +VE Control YES 1.39696E-08  -  -  
10% Extract YES 2.93434E-06 
YES 0.001006561 10% Extract Recovery NO 0.12622509 
20% Extract YES 1.16114E-20 
YES 6.42482E-07 20% Extract Recovery YES 1.30298E-08 
1-HCHPK 16mg/L YES 0.0102119 
NO 0.306649765 1-HCHPK 16mg/L Recovery NO 0.115858917 
1-HCHPK 60mg/L YES 1.65477E-28 
YES 3.14073E-07 1-HCHPK 60mg/L Recovery YES 7.66853E-16 
 
 Acetylcholineesterase (AChE) assay (Section 5.3.1). 
Treatment Sig P Value 
 +VE Control YES 1.47655E-11 
10% Extract YES 0.000266545 
20% Extract YES 3.39506E-09 
1-HCHPK 16mg/L YES 0.000151436 
1-HCHPK 60mg/L YES 2.545E-09 
 
 Energy expenditure measurement assay (Alamar Blue Assay) (Section 5.3.2). 
Treatment Sig P Value 
 +VE Control YES 4.38706E-14 
10% Extract NO 0.114070253 
20% Extract YES 1.45621E-17 
1-HCHPK 16mg/L YES 0.002606692 
1-HCHPK 60mg/L NO 0.282636406 
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 Embryo spontaneous activity assay (Section 5.3.3). 
Concentration Sig P Value 
20% Extract NO 0.7636 
40% Extract NO 0.4292 
60% Extract YES 0.0056 
80% Extract YES 0.0001 
100% Extract YES 0.0003 
 
Concentration 
1 Hour 6 Hour 12 Hour 
Sig P Value Sig P Value Sig P Value 
20% Extract NO 0.2702 NO 0.8329 NO 0.1595 
40% Extract NO 0.7607 NO 0.3423 YES 0.005 
60% Extract YES 0.007 YES <0.0001 YES <0.0001 
80% Extract YES 0.0001 YES <0.0001 YES No Movement 
100% Extract NO 0.0551 YES No movement YES No movement 
 
 Larval photomotor response (LPR) assay (Section 5.3.4). 
Total behaviour   
Concentration Sig P Value 
20% Extract NO 0.119255302 
40% Extract NO 0.126606725 
60% Extract YES 9.87155E-08 
80% Extract YES 4.00362E-13 
100% Extract YES 4.52394E-27 
   
   
0-30 minutes Behaviour   
Concentration Sig P Value 
20% Extract NO 0.052402494 
40% Extract YES 0.029340735 
60% Extract YES 2.32508E-07 
80% Extract YES 3.05158E-10 
100% Extract YES 3.35666E-17 
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30-60 minutes Behaviour 
Concentration Sig P Value 
20% Extract NO 0.934533488 
40% Extract NO 0.970956903 
60% Extract NO 0.072352488 
80% Extract YES 0.000916995 
100% Extract YES 2.77349E-11 
 
 GC-MS quantification of the 3D printing polymer extract subjected to 
remediation (Section 6.3.1). 
Treatments  Sig P Value 
UV exposure  YES 0.003472039 
Simulated sun light  YES 0.000169868 
Activated carbon filtering  YES 1.14422E-06 
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 FET test on chip-base device for embryo survival (Section 7.3.1.1). 
FET Test on Chip-base Device for Embryo Survival 
Embryo Trap 
24 Hr 48 Hr 72 Hr 96 Hr 
Sig P Value Sig P Value Sig P Value Sig P Value 
6well NO 0.945881 NO 0.7462622 NO 0.48959 NO 0.174688 
8 well NO 1 NO 0.8077883 NO 0.314373 NO 0.174688 
10 well YES 0.001013 YES 2.283E-05 YES 1.8E-09 YES 3.1E-11 
12 well YES 0.000669 YES 4.075E-06 YES 1.26E-09 YES 2.94E-11 
 
 Standardization of the trapping device (Section 7.3.3). 
Chorionated - 5 Hr old Embryos 
Embryo Trap 
24 Hr 48 Hr 72 Hr 96 Hr 
Sig P Value Sig P Value Sig P Value Sig P Value 
8 embryos in 1 mL without the trap NO 0.495025346 NO 0.495025346 NO 0.198892188 NO 0.066275603 
8 8embryos in 1 mL with the trap NO 0.07309722 NO 0.148220146 NO 0.071421538 NO 0.066275603 
 
Chorionated - 24 Hr old Embryos 
Embryo Trap 
24 Hr 48 Hr 72 Hr 96 Hr 
Sig P Value Sig P Value Sig P Value Sig P Value 
8 embryos in 1 mL without the trap NO 1 NO 0.198892188 NO 0.091721113 NO 0.091721113 
8 8embryos in 1 mL with the trap NO 0.308068009 NO 0.622002454 NO 0.308068009 NO 0.308068009 
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De-chorionated  - 24 Hr old Embryos 
Embryo Trap 
24 Hr 48 Hr 72 Hr 96 Hr 
Sig P Value Sig P Value Sig P Value Sig P Value 
8 embryos in 1 mL without the trap NO 0.148220146 NO 0.308068009 NO 0.308068009 NO 0.308068009 
8 8embryos in 1 mL with the trap NO 0.148220146 NO 0.710481725 NO 0.710481725 NO 0.710481725 
 
 Standardization of the control embryo behaviour (Section 7.3.4). 
Chorionated Embryos  Dechorinated Embryos 
Replicates Sig P Value  Replicates Sig P Value 
1 NO 0.389246  1 NO 0.647549 
2 NO 0.762871  2 NO 0.829577 
3 NO 0.354173  3 NO 0.647549 
4 NO 0.713128  4 NO 0.260207 
5 NO 0.667541  5 NO 0.840078 
6 NO 0.389246  6 NO 0.295549 
7 NO 0.445731  7 NO 0.549015 
8 NO 0.977451  8 NO 0.813669 
9 NO 0.354173  9 NO 0.479741 
10 NO 0.737859  10 NO 0.740942 
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 Chorinated and dechorionated Zebrafish embryo toxicant data acquisition (Section 7.3.6). 
Copper Chorionated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
1 NO 0.13952037 NO 0.5019663 YES 0.043776 NO 0.342211 NO 0.252485 
0.25 NO 0.32454332 NO 0.33474974 NO 0.906579 YES 0.037921 NO 0.459124 
0.062 NO 0.58819604 NO 0.07231801 NO 0.131756 NO 0.353574 NO 0.427455 
0.015 NO 0.69240744 NO 0.21992879 NO 0.245171 NO 0.332307 NO 0.074826 
0.0039 NO 0.50069117 NO 0.24318238 NO 0.753965 NO 0.923794 NO 0.525061 
Copper Dechorinated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
1 NO 0.09267837 NO 0.99303202 NO 0.140301 NO 0.698319 NO 0.158218 
0.25 NO 0.51068797 NO 0.62674794 NO 0.872687 YES 0.045893 NO 0.347523 
0.062 NO 0.06016583 NO 0.26756876 NO 0.989196 NO 0.390877 NO 0.113393 
0.015 NO 0.28068413 NO 0.07561421 NO 0.757827 YES 0.030038 NO 0.910841 
0.0039 NO 0.25285321 NO 0.82624077 NO 0.91817 NO 0.428242 NO 0.756167 
Lead  Chorionated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
50 NO 0.13056971 NO 0.78598318 NO 0.959827 NO 0.960969 NO 0.832065 
5 NO 0.44528715 NO 0.66383881 NO 0.970701 NO 0.923136 NO 0.496232 
0.5 NO 0.66945351 NO 0.27552139 NO 0.928091 NO 0.743543 NO 0.135986 
0.05 NO 0.47633555 NO 0.33527825 NO 0.902118 YES 0.000813 YES 0.000153 
0.005 NO 0.27849319 NO 0.45696983 NO 0.999947 NO 0.34652 YES 0.003828 
Lead  Dechorinated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
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50 YES 0.02234885 NO 0.79943826 NO 0.447046 NO 0.355562 YES 0.001739 
5 NO 0.06707519 NO 0.18773632 NO 0.632734 NO 0.93326 NO 0.070302 
0.5 NO 0.13300216 NO 0.42372014 NO 0.534346 NO 0.09832 YES 0.001315 
0.05 NO 0.99439391 YES 0.02915317 YES 0.003904 YES 0.042485 YES 0.001714 
0.005 NO 0.37470122 NO 0.1771881 NO 0.645303 NO 0.230769 NO 0.52481 
Cadmium  Chorionated Embryos 
Time 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
50 NO 0.13056971 NO 0.78598318 NO 0.959827 NO 0.960969 NO 0.832065 
5 NO 0.44528715 NO 0.66383881 NO 0.970701 NO 0.923136 NO 0.496232 
0.5 NO 0.66945351 NO 0.27552139 NO 0.928091 NO 0.743543 NO 0.135986 
0.05 NO 0.47633555 NO 0.33527825 NO 0.030799 NO 0.72942 YES 0.000153 
0.005 NO 0.27849319 NO 0.45696983 NO 0.213851 NO 0.34652 YES 0.003828 
Cadmium Dechorinated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L 
Sig P value 
Std 
Err P value Sig P value Sig P value Sig P value 
50 YES 0.02234885 NO 0.1771881 NO 0.447046 NO 0.355562 YES 0.001739 
5 NO 0.99439391 YES 0.02915317 NO 0.534346 NO 0.93326 NO 0.070302 
0.5 NO 0.13300216 NO 0.42372014 NO 0.632734 NO 0.09832 YES 0.001315 
0.05 NO 0.06707519 NO 0.18773632 YES 0.003904   0.042485 YES 0.001714 
0.005 NO 0.37470122 NO 0.79943826 NO 0.645303 NO 0.230769 NO 0.52481 
Phenol  Chorionated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
128 NO 0.98197593 NO 0.12764166 YES 0.000239 YES 0.047107 YES 0.039858 
32 NO 0.99999999 NO 0.99535087 NO 0.389913 NO 0.997079 NO 0.999998 
8 NO 0.99893611 NO 0.99394104 NO 0.999981 NO 1.000000 NO 0.999931 
2 NO 0.99999301 NO 0.96927083 NO 0.888279 NO 1.000000 NO 0.870785 
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0.5 NO 0.99992526 NO 0.88260488 NO 0.987998 NO 1.000000 NO 0.999973 
Phenol  Dechorinated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
128 YES 0.0493424 YES 0.07847642 YES 0.019278 NO 0.093105 NO 0.999999 
32 NO 0.98159255 NO 0.9999443 NO 0.67002 NO 0.16497 NO 0.009672 
8 NO 0.99998739 NO 0.99999243 NO 0.997786 NO 0.695461 YES 0.999999 
2 NO 0.80493502 NO 0.9938474 NO 0.999986 NO 0.910002 NO 0.962899 
0.5 NO 0.99999575 NO 1.0000000 NO 0.999999 NO 0.999999 NO 0.858973 
 
Nicotine  Chorionated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
250 NO 0.47331236 NO 0.05852331 NO 0.18482 NO 0.258408 YES 0.001641 
200 NO 0.96380788 NO 0.13149366 NO 0.139958 NO 0.968973 NO 0.232702 
150 NO 0.99999905 YES 0.00442954 NO 0.794497 NO 0.997268 NO 0.871115 
100 NO 0.99999999 NO 0.46845495 NO 0.983838 NO 0.974751 NO 0.897549 
50 NO 0.99999773 NO 0.45136302 NO 0.669703 NO 0.967353 YES 0.025589 
Nicotine Dechorinated Embryos 
Concentration  1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
250 YES 0.00641627 NO 0.52751175 YES 0.00739 YES 0.016608 NO 0.086992 
200 YES 1.8727E-05 YES 0.00253716 YES 8.37E-11 YES 1.33E-06 NO 0.588797 
150 NO 0.41799689 YES 0.00205798 YES 7.69E-06 YES 4.53E-11 NO 0.631856 
100 NO 0.42249749 YES 0.00037442 YES 9.76E-06 YES 5.97E-05 NO 0.912777 
50 NO 0.86370538 YES 0.00058337 YES 8.77E-06 YES 0.014161 YES 0.011888 
Diazinon  Chorionated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
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10 YES 0.01364517 YES 0.0087447 YES 0.000262 YES 0.025266 YES 8.9E-09 
1 NO 0.73169757 NO 0.83000055 NO 0.857901 NO 0.97479 NO 0.887063 
0.1 NO 0.99901564 NO 0.99976498 NO 0.96053 NO 0.99811 NO 0.999999 
0.01 NO 0.55382211 NO 0.18563711 NO 0.070371 NO 0.252013 NO 0.927989 
0.001 NO 0.9960607 NO 0.999999 NO 0.999999 NO 0.999999 NO 0.963813 
 
Diazinon  Dechorinated Embryos 
Concentration 1 Hour 3 Hour 6 Hour 9 Hour 12 Hour 
mg/L Sig P value Sig P value Sig P value Sig P value Sig P value 
10.00 NO 0.3434565 YES 0.00950601 NO 0.149267 NO 0.297005 NO 0.73123 
1.00 YES 0.0104878 NO 0.07555918 NO 0.058839 NO 0.054626 YES 0.007822 
0.1 NO 0.16072805 NO 0.68631426 YES 0.020261 NO 0.195211 YES 0.00482 
0.01 NO 0.11226273 NO 0.09480718 NO 0.90726 NO 0.485759 NO 0.067199 
0.001 YES 0.04352456 YES 1.4886E-12 YES 0.000143 YES 3.14E-05 YES 5.47E-05 
 
 
 
 
 
 
 
 
 
 
